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SUMMARY 

A model t e s t  was conducted t o  de t e rmine  t h e  effects  of  
aerodynamic i n t e r a c t i o n  between main r o t o r ,  t a i l  r o t o r ,  and 
v e r t i c a l  f i n  on h e l i c o p t e r  performance and n o i s e  i n  hover 
o u t  o f  ground e f f e c t  ( H O G E ) .  The expe r imen ta l  data were 
o b t a i n e d  from hover tests performed w i t h  a .151 scale Piodel 222 
main r o t o r ,  t a i l  r o t o r  and v e r t i c a l  f i n .  O f  pr imary i n t e r e s t  
was t h e  effect  of l o c a t i o n  of t h e  t a i l  r o t o r  w i t h  r e s p e c t  t o  
t h e  main r o t o r .  P e n a l t i e s  on m a i n  r o t o r  power due t o  i n t e r -  
a c t i o n  w i t h  t h e  t a i l  r o t o r  ranged up t o  3% depending upon 
t a i l  r o t o r  l o c a t i o n  and o r i e n t a t i o n .  P e n a l t i e s  on t a i l  
r o t o r  power due t o  f i n  blockage a l o n e  ranged up t o  1 0 %  f o r  
pusher  t a i l  r o t o r s  and up t o  50% f o r  t ractor  t a i l  r o t o r s .  
The main r o t o r  wake had o n l y  a second o r d e r  e f f e c t  on t h e s e  
t a i l  r o t o r / f i n  i n t e r a c t i o n s .  Design charts are p r e s e n t e d  
showing t h e  p e n a l t i e s  on main r o t o r  power as a f u n c t i o n  of 
t h e  r e l a t i v e  l o c a t i o n  of t h e  t a i l  r o t o r .  Also ,  f i n d i n g s  on 
t h e  effect of f i n  blockage r a t i o  on t a i l  r o t o r  t h r u s t  are 
p r e s e n t e d  a iong  w i t h  a comparison o f  t h e s e  f i n d i n g s  w i t h  
p r e v i o u s l y  pub l i shed  data.  S i g n i f i c a n t  changes i n  r o t o r  
n o i s e  l e v e l s  were d s o  observed.  I n c r e a s e s  i n  main r o t o r  
n o i s e  due t o  t a i l  r o t o r  p o s i t i o n  and t h e  p re sence  o f  t h e  
v e r t i c a l  f i n  ranged up t o  6 and 5 dB, r e s p e c t i v e l y .  fn-  
creases i n  t a i l  r o t o r  n o i s e  due t o  t a i l  r o t o r  p o s i t i o n  
ranged up t o  5dB. I n  t h e  pusher  c o n f i g u r a t i o n ,  f i n  e f f e c t s  
on t a i l  r o t o r  n o i s e  increased as i n t e r a c t i o n  e f f e c t s  de- 
creased. & t a i l e d  t es t  d a t a  a r e  p r e s e n t e d  i n  t h e  appendices  
t o  t h i s  r e p o r t .  The  program documented h e r e i n  w a s  sponsored 
by Concract  (NAS2-10771)  w i t h  t h e  Na t iona l  Aeronau t i c s  and 
Space Admin i s t r a t ion ,  Ames Research C e n t e r .  
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INTRODUCTION 

One of the least understood areas of helicopter perfor- 
mance has been the aerodynamic interaction between various 
components of the aircraft. Recent progress in helicopter 
aerodynamic technology has led to near optimum isolated 
hovering rotors; and only small further reductions in iso- 
later, main rotor power can be expected in the future. 
However, there are indications that a significant percentage 
of hover power may be expended due to unfavorable aero- 
dynamic interaction between main and tail rotors. Thus, it 
has been suspected that a measurable reduction in total 
power required to hover might be attainable with proper 
location of the tail rotor with respect to the main rotor. 

A number of studies of aerodynamic interaction on 
helicopters have been conducted. (See Ref. 1, 2 ,  and 3 )  
Although consideration of the particular interaction between 
main rotor, tail rotor, and vertical fin has been included 
in some of these studies, none have focused on the power 
critical flight condition 0.. hovering OGE. 

Research has also shown that the tail rotor tends to 
dominate the noise spectrum of helicopters in the hover 
condition (See Ref. 4 and 5). Tail rotor blade interaction 
with the main rotor trailing tip vortex causes induced 
spanwise and azimuthwise impulsive loading, which in turn 
increases both harmonic and broadband noise from the tail 
rotor. 

The problem, then, is that the helicopter preliminary 
designer has had little information to guide him in locating 
the tail rotor with respect to the main rotor so as to 
minimize power losses and noise due to unfavorable aem- 
dynamic interactions during HOGE. A n  acceptable anal1:ical 
solution to this problem has yet to be developed. To provide 
some insight into the variation and magnitude of these 
interaction penalties on hover power and noise and to aid 
further development of analytical methods, an experimental 
approach to the problem has been undertaken and is the 
subject of this report. 

E J ~ P  nbjective ~f the teCt TCS +c) develop crit,cri? 
~ k - i . i i n r  *km 3 C C - p -  r C  +he l m - n ; & q - d 4  -..-..-..-, -..- b - - - w c  ”- -..* rU.r3AbUUI~a: and vertical locsticr, 
of the tail rotor with respect to the main rotor on rotor 
power required to hover OGE. The resulting design criteria 
is presented in Figure 1. The contours in Figure 1 repre- 
sent percent imrease in main rotor power due to aerodynamic 
interaction with the tail rotor. These results are based on 
the representative fin blockages as shown and are a composite 
of test findings for both pusher and tractor tail rotor 
operation. 

2 



A l i t e r a t u r e  survey a s  w ) ? l l  as  a survey of cur rer i t  
h e l i c o p t e r s  was conducted t o  a i d  i n  de te rmining  t h e  range of 
t a i l  r o t o r  l o c a t i o n s  and o r i e n t a t i o n s  t o  be tes t .ed.  R e s u l t s  
of t h e  survey of t a i l  r o t o r  l o c a t i o n s  f o r  many p roduc t ion  
h e l i c o p t e r s  are  shown i n  F i g u r e  2 .  R e l a t i v e  l o n g i t u d i n a l  
and v e r t i c a l  spac ings  between t h e  t a i l  r o t o r  hub and ma in  
r o t o r  p l ane  are shown i n  terms of t a i l  rotor  r a d i u s  ( r ) .  
A l l  of  t h e  h e l i c o p t e r s  shown have close t o  minimum long i -  
t u d i n a l  spac ing  between main and t a i l  rotors.  The t a i l  
r o t o r  c e n t e r l i n e  of r o t a t i o n  averages  l . l r  a f t  o f  t h e  main 
r o t o r  b l ade  t i p .  Vertical  spac ing  of  t h e  t a i l  ro to r  v a r j  ?s 
from abou t  . 5 r  above t h e  p l ane  of t h e  main r o t o r  t o  about  
1.4r below. The main rotor p l a n e ,  f o r  t h e  purposes  of t h i s  
s tudy ,  was e s t a b l i s h e d  as t h e  h o r i z o n t a l  p l a n e  of r o t a t i o n  
a t  t h e  i n t e r s e c t i o n  of t h e  p i t c h  change a x i s  w i t h  t h e  main 
r o t o r  s h a f t .  T h i s  r e f e r e n c e  p l ane  i s  independent  of  b l a d e  
coning.* The range  o f  t a i l  r o t o r  spac inqs  tested i n  Reference 
3 were from l.lr t o  2 . l r  a f t  from t h e  main ro tor  b l a d e  t i p  and 
v e r t i c a l l y  from 1 5 r  above t o  . S r  below t h e  p l ane  of t h e  main 
r o t o r .  The g r i d  of  t a i l  rotor  l o c a t i o n s  e s t a b l i s h e d  f o r  t h i s  
t e s t  is shown i n  F igu re  1. T a i l  r o t o r  l o c a t i o n s  ranged from 
1 . 0 r  above t h e  main r o t o r  p l a n e  t o  2 . 0 r  below, and from a 
minimum l o n g i t u d i n a l  spac ing  of l . l r  t o  3 . l r  a f t  of t h e  main 
r o t o r  t i p  p a t h  p lane .  I d e n t i f i c a t i o n  o f  t h e  s p e c i f i c  g r id  
p o i n t s  may be found i n  F igu re  A - 1 0 .  

The model used i n  t h i s  t e s t  r e p r e s e n t s  a s i n g l e  (main) 
r o t o r  h e l i c o p t e r  w i th  a n t i t o r q u e  ( t a i l )  r o t o r .  The model 
components are a two-bladed main r o t o r ,  a two-bladed t a i l  
r o t o r  and a v e r t i c a l  f i n ;  all s c a i e d  (.151) from t h e  S e l l  
Mcdel 2 2 2 .  A de ta i l ed  d e s c r i p t i o n  of t h e  model components 
i s  p resen ted  i n  Appendix A. The e f f e c t s  of t a i l  r o + o r / f i n  
s e p a r a t i o n  b / r )  , f i n  blockage r a t i o  (S/A), ar,d t a l l  r o t o r  
d i r e c t i o n  o f  r o t a t i o n  have been p r e v i o u s l y  i n v e s t i g a t e d .  
(See Reference 1 and 3 ) .  V a r i a t i o n  of  t h e s e  pa rame te r s  was 
minimized f o r  t h i s  t es t .  Two t a i l  r o t o r  f i n  s e p a r a t i o n s  
were t e s t e d :  one (s / r=.63)  f o r  all pusher  t a i l  ro tor  cases 
and one (.s/r=.381 f o r  all t r ac to r  t a i l  r o t o r  c a s e s  (see F ig .  
A-3). Two f i n  blockage r a t i o s ,  i . e .  f r a c t i o n  of  t h e  t a i l  
r o t o r  d i s k  blocked by t h e  f i n ,  were a l so  employed, one 
(S /A=.18)  f o r  t a i l  r o t o r  l o c a t i o n s  a t  o r  above t h e  main 
r o t o r  p lane  and one (S/A=.39) f o r  all t a i l  r o t o r  l o c a t i o n s  

Slocka-je r a t i s  vas  cons ide red  reprrsei-tative oC h i9h  t a i i  
r o t o r s ,  whereas, t h e  g r e a t e r  blockage r a t i o  w a s  cons ide red  
r e p r e s e n t a t i v e  of low t a i l  r o t o r s .  D i r e c t i o n  of  r o t a t i o n  of 
t h e  t a i l  r o t o r  was main ta ined  a s  t o p  b l ade  a f t  th roughout  

*Tota l  " l i v e "  coning  was c a l c u l a t e d  f o r  t n e  model m a i n  ro to r  used 
i n  t h i s  t e s t .  T h i s  t h r u s t  dependent ,  t o t a l  c o n i n q  r e s u l t e d  i n  
v e r t i c a l  d i sp lacements  o f  t h e  t i p - p a t h  p l ane  ranui:.u from .28r  
t o  . 35 r  above t h e  r e f e r e n c e  ma in  r o t o r  p lane .  

h l . 0 ~  the mai r?  r o t c r  p l z n e  (see Fig. P.- 2 : .  TIL lesser 
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ORlQlNAL PAGE IS 
OF POOR QUAlITY 

t h e  tes t .  

The d i s c u s s i o n  of t e s t  r e s u l t s ,  which follows, p r e s e n t s  
f i r s t  t h e  e f f ec t s  o f  aerodynamic i n t e r a c t i o n  on ro tor  p e r f o r -  
mance and second t h e  e f f ec t s  on r o t o r  n o i s e .  The appendices  
c o n t a i n  a de ta i led  d e s c r i p t i o n  of t h e  t e s t  equipment ,  t e s t  
procedure ,  and da ta  r e d u c t i o n  (Appendix A ) ,  t a b u l a t i o n  of 
a l l  aerodynamic performance data  (Appendix B), main r o t o r  
performance p l o t s  (Appendix C )  , a c o u s t i c  a n a l y s i s  of i s o l a t e d  
ro to r  o p e r a t i o n  (Appendix D ) ,  and a c o u s t i c s  p l o t s  (Appendix E). 

AERODYNAMIC PCRFORf NCE 

I n t e r a c t i o n  Effects on t h e  Main Rotor 

Aerodynamic i n t e r a c t i o n  e f f e c t s  on main ro tor  performance 
were de termined  by comparing main r o t o r  power measured d u r i n g  
s i m u l a t e d  yaw t r i m  t o  power measured w i t h  t h e  t a i l  rotor  
s topped .  The t e s t  procedure  invo lved  a sweep o f  main ro to r  
t h r u s t  r e s u l t i n g  i n  a range  of  t h r u s t  c o e f f i c i e n t s  from approx i -  
m a t e l y  .002 t o  .0065. T a i l  ro tor  t h r u s t  was varied t o  m a i n t a i n  
yaw t r i m .  T a i l  r o to r  t h r u s t  r equ i r emen t s  were a f u n c t i o n  of  
measured main r o t o r  t o r q u e ,  l o n g i t u d i n a l  s e p a r a t x n  of t h e  
main and t a i l  r o t o r s ,  and f i n  s ide  force.  T a i l  r o to r  t h r u s t  
r e q u i r e d  f o r  yaw t r i m  t hen  w a s  as  follows: 

In  some c a s e s ,  t a i l  ro to r  t h r u s t  r equ i r emen t s  exceeded t h e  maximum 
t h r u s t  c a p a b i l i t y  of t h e  t a i l  r o t o r .  I n  t h e s e  cases, t h e  t a i l  
ro to r  was set  t o  maximum c o l l e c t i v e  p i t c h .  Both t h e  n e t  t h r u s t  
c o e f f i c i e n t  r e q u i r e d  fo r  t r i m  and t h e  a c t u a l  n e t  t h r u s t  c o e f f i -  
c i e n t  o b t a i n e d  are  shown i n  t h e  da ta  tables  of Appendix B.  
These untrimmed c o n d i t i o n s  d i d  n o t  appea r  t o  s i g n i f i c a n t l y  
a f f e c t  t h e  i n t e r a c t i o n  p e n a l t y  t r e n d s  on main ro tor  power. 
Followi.  these yaw t r i m  sweeps, t h e  t a i l  rotor  was s topped  
w h i l e  a n o t h e r  t h r u s t  sweep w a s  made w i t h  t h e  main r o t o r  t o  
o b t a i n  " i so l a t ed"  ro to r  d a t a  as a b a s e l i n e  t o  de te rmine  t h e  
i n t e r a c t i o n  p e n a l t i e s .  The " i so la ted"  main ro tor  data  t h e n  
was measured w i t h  t h e  t a i l  ro to r  and f i n  (for f in-on  cases) 
i n  p l ace .  The e f f e c t  of t h e  v e r t i c a l  f i n  on t h e  i so l a t ed  
main r D t c r  was i n s i g n i f i c a n t .  A d e t a i l e d  d e s c r i p t i o n  of t h e  
t e s t  prored.l.!re i s  y iven  i n  n p y n d i u  a .  

P l o t s  of t h e  v a r i a t i o n  of  main r o t o r  C w i t h  main ro to r  CT P 
f o r  b o t h  t h e  yaw t r i m  and i s o l a t e d  ro to r  t h r u s t  sweeps of 
each  t e s t  run  are  p r e s e n t e u  i n  Appendix C.  The e f fec ts  of 
i n t e rac t ion  on main r o t o r  power are  expresst2d as t h e  r a t i o  of  
main r o t o r  C w i t h  t h e  t a i l  r o t o r  o p e r a t i n g  t o  mai3 r o t o r  C 

w i t h  t h e  t a i l  r o t o r  s topped .  
comparison of t h e  cu rve  f i t s  o f  C v e r s u s  CT f o r  t h e  i n t e r -  

P P 
T h e s e  r a t i o s  are  o b t a i n e d  by 

P 
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actkg and isolated rotor cases. 
power ratio with main rotor CT is also presented in Appendix C 
for each test run. The accuracy of these main rotor power 
ratios has been deteremined to be 51% of full scale measured 
data. A more detailed description of the data reduction and 
data accuracies is presented in Appendix A. For the purpose 
of establishing the design guideline depicted in Figure 1, 
interaction penalties on main rotor power were determined at 
a selected main rotor CT of .005 ,  

rotor disk loading at 30 kg/m2 represents a full scale 1.Og 
hover maneuver. The effects of tail rotor locaticn on main 
rotor performance at a main rotor CT of -005 are shown in 
Figures 3 thru 6.  Figures 3 and 4 show results for model 
configurations which included a vertical fin. Figures 5 and 
6 show results for the limited number of fin-off cases. 
Interaction penalties on main rotor power ranged up to 2 . 5 %  
for pusher tail rotor configurations and 3.5% for tractor 
tail rotor configurations when the vertical fin was installed. 
For the fin-on cases of Figures 3 and 4 ,  the fin blockage 
ratio was -18 for tail.rotors located at or above the main 
rotor plane and .39 for tail rotor locations below the main 
rotor as shown. With the tail rotor positioned at minimum 
longitudinal spacing and .5r below the main rotor plane 
(grid point 17 of Fig. A-101, both the .1S and the . 3 9  fin 
blockage ratios were tested. For the pusher tail rotor, the 
penalty on main rotor power was essentially the same ( 2 % )  
for both blockage ratios at this grid point. However, for 
tractor tail rotor operation the interaction penalty on main 
rotor power was significantly higher for the low fin blockage: 
3.2% increase in cain rotor power for .39 fin blockage ratio 
versus 4 . 6 %  increase for a .18 fin blockage ratio. 

The variation of main rotor 

The corresponding main 

Figures 5 and 6 show that interaction penalties on main 
rotor power were essentially the same for fin-off cases as 
compared to fin on cases for the more remote tail rotor 
locations. With the tail rotor located in close proximity 
to the main rotor, 1.e. minimum longitudinal spacing and in 
the plane of the main rotor (grid point 2 1 ,  the penalties on 
main rotor power were greater with no fin installed. The 
penalty on main rotor power with a tractor tail rotor at 
this position with no vertical fin was 5.1% versus 3 . 4 %  for 
.I6 f i l l  blockage and for pusher tail rotor 3 . 6 %  for nc fir, 
versus 2 . 2 %  for the .18 fin Jlockage ratio. 

A loo canted tail rotor configuration (thrusting up) 
with a fin blockage ratio of .18 was a l s o  tested with the 
tail rotor located at grid point 2 .  The vertical axis of 
the fin remained parallel to the main rotor shaft. Lateral 
separation between tail rotor and the fin (measured from 
the rotor hub) was maintained the same as for the uncanted 
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cases. For  tractor t a i l  r o t o r  o p e r a t i o n ,  t he  i n t e r a c t i o n  
p e n a l t y  on main r o t o r  power remained t h e  same a s - f o r  t h e  un- 
canted t a i l  r o t o r  w i t h  t h e  same d i s k  blockage.  For  pusher  
t a i l  r o t o r  o p e r a t i o n  t h e  canted t a i l  r o t o r  p e n a l t y  on main 
r o t o r  power w a s  g r e a t e r  t h a n  the  co r re spond ing  uncanted  case; 
3.0% for t h e  c a n t e d  t a i l  r o t o r  v e r s u s  2.2% f o r  t h e  uncanted 
t a i l  r o t o r .  

A con tour  map showing i n t e r a c t i o n  p e n a l t i e s  on main 
rotor power v e r s u s  t a i l  rotor l o c a t i o n  is shown for pusher  
t a i l  rotor o p e r a t i o n  i n  F i g u r e  7 and t ractor  t a i l  r o t o r  
o p e r a t i o n  i n  F i g u r e  8.  These c o n t o u r s  are based on t h e  
p e n a l t i e s  r e s u l t i n g  from t h e  r e p r e s e n t a t i v e  f i n  b lockages  of 
F i g u r e s  3 and 4 .  It can  be seen  t h a t  t h e  c o n t o u r  l i n e s  for  
pusher  v e r s u s  t r a c t o r  t a i l  rotors are ve ry  s i m i l a r  i n  shape  
and s p a c i n g  e x c e p t  t h a t  t ractor  t a i l  rotor induced p e n a l t i e s  
are i n  g e n e r a l  1% (of mrin r o t o r  power) greater t h a n  for  t h e  
pusher  t a i l  rotor. T h i s  d i s p a r i t y  held for  f i n - o f f  cases as 
w e l l .  

During tractor t a i l  r o t o r  o p e r a t i o n ,  t h e  v e r t i c a l  f i n  
has  t h e  effect of a ground p l a n e  f o r  the t a i l  r o t o r .  Thus, 
t h e  i n c r e a s e d  power p e n a l t y  on the  main r o t o r  d u r i n g  t r a c t o r  
t a i l  r o t o r  o p e r a t i o n  w i t h  t h e  f i n  may be t h e  r e s u l t  o f  t h e  
i n t e r a c t i o n  of I(ground" vortices, c r e a t e d  by t h e  t a i l  rotor 
downwash on t h e  f i n ,  w i t h  t h e  main r o t o r  wake. Such v o r t i c e s  
would n o t  be created by a pusher  t a i l  r o t o r  because o f  t h e  
absence o f  any ground p l a n e  i n  t h e  t a i l  rotor downwash. 
T h i s  e x p l a n a t i o n  s t i l l  does  n o t  account  f o r  t h e  g r e a t e r  
p e n a l t y  t o  t h e  main r o t o r  f o r  t r a c t o r  versus pusher  t a i l  
r o t o r  o p e r a t i o n  when no f i n  is  i n s t a l l e d .  As s e e n  i n  
F i g u r e  9 ,  however, because o f  t h e  l a t e ra l  o f f s e t  o f  t h e  t a i l  
r o t o r ,  there i s  an a p p r e c i a b l e  d i f f e r e n c e  i n  t h e  r e l a t i v e  
p o s i t i o n  of t h e  r o t o r  wakes .  Such a d i f f e r e n c e  could  be 
r e s p o n s i b l e  f o r  t h e  g r e a t e r  main r o t o r  p e n a l t y  d u r i n g  t r a c t o r  
t a i l  r o t o r  o p e r a t i o n  w i t h o u t  t h e  f i n .  Another f a c t o r  t h a t  
cannot  be r u l e d  o u t  as  having some e f f e c t  on t h e  pusher  
v e r s u s  tractor t a i l  r o t o r  e f f e c t s  seen  i n  t h i s  tes t  is t h e  
i o c a t i o n  of the  t a i l  rotor d r i v e .  As seen  i n  Figclre 9 ,  t h e  
d r i v e  w a s  p o s i t i o n e d  i n  t h e  downwash of t h e  pusher  t a i l  
r o t o r .  However, f o r  t r a c t o r  t a i l  r - t o r  cases, t h e  d r i v e  w a s  
l o c a t e d  on t h e  in f low side of t h e  t a i l  rctor. 

A t u f t  a r id  was p1zsed i n  t h e  t a i l  r r r tnr  :.~aL.a ann---;- r=--..4 

mately 1 2 r  downstream as shown i n  F i g u r e s  A - 1  and A-4. The 
d e f l e c t i o n  of t h e  t a i l  r o t o r  wake due t o  i n t e r a c t i o n  w i t h  
t h e  main r o t o r  w a s  observed by n o t i n g  t h e  l o c a t i o n  of  t h e  
wake impingement on t h e  g r i d .  A t y p i c a l  p r o g r e s s i o n  of t a i l  
r o t o r  wake d e f l e c t i o n  w i t h  i n c r e a s i n g  t h r u s t  i s  shown i n  
F igu re  1 0 .  T h i s  case i s  cons ide red  r e p r e s e n t a t i v e  of t a i l  
r o t o r  l o c a t i o n s  which r e s u l t e d  i n  t h e  greatest p e n a l t i e s  on 
main r o t o r  power, i .e .  i n  c l o s e  proximi ty  t o  t h e  main r o t o r  
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t i p  pa th .  I n  t h e s e  cases, t h e  t a i l  r o t o r  wake w a s  t y p i c a l l y  
d e f l e c t e d  forward and down as shown. T h i s  d e f l e c t i o n  is 
b e l i e v e d  t o  be  s t r o n g l y  in f luenced  by t h e  i n t e r a c t i o n  o f  t h e  
r a d i a l  component of in f low t o  t h e  main ro tor  and t h e  t a i l  rotor  
wake. I t  i s  p o s s i b l e  t h a t  t h e  downward d e f l e c t i o n  is due 
t o  t h e  top-b lade-af t  s w i r l  v e l o c i t y  o f  t h e  t a i l  ro to r  wake 
i n  t h e  p re sence  o f  main rotor radial  inf low.  I n  one t r i a l  
r u n  w i t h  t h e  t a i l  rotor  o p e r a t i n g  top-blade-forward, t h e r e  
w a s  no downward (or upward) d e f l e c t i o n  of t h e  t a i l  r o t o r  
wake. A q u a l i t a t i v e  assessment  o f  t h e  p a t t e r n s  of t a i l  
rotor wake d e f l e c t i o n  observed d u r i n g  t h e  test suppor t ed  
t h e  results p r e s e n t e d  i n  F i g u r e s  7 and 8. I n c r e a s i n g  de- 
f l e c t i o n s  as w e l l  as earlier o n s e t ,  i.e., a t  lower t h r u s t  
levels, correlated w i t h  i n c r e a s i n g  p e n a l t i e s  on main ro tor  
power. The greater main rotor power p e n a l t i e s  for tractor 
t a i l  rotor  o p e r a t i o n  as compared to  pusher  o p e r a t i o n  w e r e  
also associated w i t h  i n c r e a s e d  t a i l  rotor wake d e f l e c t i o n .  

A composi te  con tour  map of i n t e r a c t i o n  p e n a l t i e s  on 
main rotor power which combines t h e  r e s u l t s  o f  pusher  and 
t ractor  t a i l  ro tor  o p e r a t i m  i s  shown i n  F i g u r e  1. The 
p e n a l t i e s  are based on t h e  r e p r e s e n t a t i v e  f i n  b lockages  as 
shown. To account  for t h e  d i s p a r i t y  between tractor v e r s u s  
pusher  induced p e n a l t i e s  observed i n  t h i s  test, t h e  con tour  
l i n e s  of  F i g u r e  1 have been a s s i g n e d  a one pe rcen tage  p o i n t  
spread .  Because o f  i t s  g e n e r a l  a p p l i c a b i l i t y ,  F i g u r e  1 is 
in t ended  as  a d e s i g n  gu ide  i n  c o n s i d e r i n g  t h e  e f f e c t  o f  t h e  
l o c a t i o n  o f  t h e  t a i l  r o t o r  on main rotor power i n  IIOGE. 

I n t e r a c t i o n  E f f e c t s  on t h e  T a i l  Rotor 

F i n  blockage e f f e c t s  on  t a i l  ro tor  power are d e p i c t e d  
i n  F i g u r e s  11 through 13. P l o t s  of C v e r s u s  C f o r  

t h e  tested f i n  blockage ra t ios  of 0 ,  .18, and .39 are pre-  
s e n t e d  i n  F i g u r e  11 f o r  a pusher  t a i l  rotor  and F i g u r e  12  
fo r  a t r a c t o r  t a i l  ro tor .  The CT 

by t h e  s h a r p  break  i n  t h e  p l o t t e d  d a t a .  The t a i l  rotor  d a t a  
fo r  t h r u s t  l e v e l s  above t h e  s t a l l  break i s  n o t  cons ide red  
r e p r e s e a t a t i v e  of  f u l l  scale hover i n t e r a c t i o n s .  Thus, t a i l  
rotor  r e s u l t s  p re sen ted  i n  F i q u r e s  13 t h r u  1 7  are based on 
d a h  n~ei l surec i  below tne o n s e t  of s t a l l ,  i .e .  L" 5 .oi. 

The cnrrespmdin? t a i l .  r o t o r  disk l oad ings  cons idered  ranged 
from about  44 t o  6 3  kg/m2 and are  cons ide red  r e p r e s e n t a t i v e  
o f  f u l l  scale  loadings .  T a i l  r o t o r / f i n  i n t e r a c t i o n  e f f e c t s  
on t a i l  r o t o r  power, expressed  as a r a t i o  of Cp ( f in -on )  / 

Cp ( f i n - o f f ) ,  v e r s u s  f i n  blockage r a t i o ,  S/P-, a t  a c o n s t a n t  
= . 0 1  a re  shown i n  F igu re  1 3 .  Data from t h e  6 /10  ' 

PT/R T~~~ 

f o r  s t a l l  is  evidenced 
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scale model tes t  of Reference 1 shows good agreement. 

Nain rotor  effects on t h e  t a i l  
are shown i n  F i g u r e s  14 and 15 .  In  
o n  t a i l  rotor power is expres sed  as 

r o t o r / f i n  i n t e r a c t i o n  
t h i s  f i g u r e  the  effect 
t h e  r a t io  of Cp ( m a i n  

T/R 
r o t o r  on)  /Cp 

ro tor  on t a i l  rotor power for  t r i m  c o n d i t i o n s  r e s u l t i n g  i n  

(main ro to r  o f f ) .  The effect of t h e  main 
T/R 

= .01  (below t a i l  rotor s t a l l )  w a s  found to  be s m a l l .  
CTNET 
However, because t h e s e  e f f e c t s  were on  t h e  same order of 
magnitude as the accuracy  of t a i l  rotor power measurements, 
no d e s i g n  criteria was developed f r o m  t h e s e  r e s u l t s .  

T a i l  r o t o r / f i n  i n t e r f e r e n c e  is o f t e n  e v a l u a t e d  i n  terms 
of n e t  t a i l  r o t o r  t h r u s t .  A l a te ra l  o r  s ide  f o r c e  which 
opposes  t a i l  rotor t h r u s t  is  developed on the  vertical f i n  
d u r i n g  both tractor and pusher  t a i l  ro tor  o p e r a t i o n .  N e t  
t a i l  ro tor  t h r u s t  is d e f i n e d  as t o t a l  t h r u s t  minus the  f i n  
force. N e t  t h r u s t ,  t h e n ,  i s  t h a t  p o r t i o n  of t h e  t o t a l  t a i l  
rotor  t h r u s t  c o n t r i b u t i n g  t o  yaw t r i m .  F i g u r e  1 6  shows the  
v a r i a t i o n  of n e t  t a i l  ro tor  t h r u s t  w i t h  f i n  blockaqe ra t io  
for  pusher  and tractor c o n f i g u r a t i o n s .  The o r d i n a t e  a x i s  is 
expres sed  i n  terms of t h e  r a t io  of t o t a l  t h r u s t  t o  n e t  
t h r u s t .  Data from References  1 and 3 are inc luded .  T h i s  
p l o t  d e p i c t s  a l i n e a r  o r  n e a r  l i n e a r  i n c r e a s e  i n  t he  ra t io  

/C w i t h  i n c r e a s i n g  f i n  blockage. The v a l u e s  of  

t h i s  r a t i o  range  up  t o  about  1.075 f o r  pusher  t a i l  L. 3rs 
w i t h  h igh  f i n  blockage and 1 .50  f o r  t ractor  t a i l  rotors. 
N o n e  of t h e  r e s u l t s  p r e s e n t e d  here i n c l u d e  e f f e c t s  of t h e  
m a i n  rotor.  The effect  of t h e  p resence  of t h e  main rotor  
wake on t h e  n e t  t h r u s t  produced by pusher  t a i l  rotors,  is  
seen  i n  F igu re  1 7 .  The e f f e c t  of t h e  main r o t o r  wake was 
seen  t o  aggrava te  t h e  f i n  losses r e s u l t i n g  from t h e  t a i l  
r o t o r / f i n  i n t e r a c t i o n  above. These e f f e c t s  were n e g l i g i b l e  
for  tractor t a i l  rotor  o p e r a t i o n .  

cTT,R *NET 
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ACOUSTICS 

"he coustic n Lysis addressed changes in the harmonic 
and broadband noise sources of the main and tail rotors over 
the range of test variables. Harmonic noise is identified 
hy discrete narrow peaks in the acoustic spectrum which 
x c u r  at integer multiples of the blade passage frequency. 
Broadband noise consists of continuous multi-frequency 
sources whose peak level is determined at a characteristic 
center frequency. Both components are heard as independent 
noise sources with completely different aural signatures. 

Scaling effects must be considered when applying the 
results found to full scale rotors. It is generally thought 
that harmonic noise can be directly scaled and without any 
oroblems (reference, 71. However, several components of 
broadband noise are Reynolds number sensitive and so cannot 
always be directly scaled from model data. It is not the 
purpose of this test to research scaling laws for model data 
and so care must be taken when applying the test results 
related to broadband noise to the full scale situation. 

Examination of the data primarily involved micro- 
phone 48 which was located directly aft of the tail rotor. 
A t  this location, the sound path between the rotors and the 
microphone was unobstructed. A main rotor thrust of 780 
newtons and its associated tail rotor thrust of 62 newtons 
represent the normal disk loading in hover for the full 
scale rotor. These thrust levels are used in this report 
when a comparison is made between microphone locations or 
becween ti- -1 rotor positions. 

Sample acoustic spectra generated by model main and 
tail rotors are shown in Figures 18 and 19, respectively. 
Figure 18a shows the model main rotor fundamental harmonic 
(2/rev) to be 77 hertz, with associated harmonics at multiples 
of this Lundamental frequ--.zy. The broad curve forming the 
ba.se of the harmonics (denoted by a dashed line) is con- 
sidered to bn tile broadband noise component. The frequency 
ranse over ..hich broadband noise is maximum varied slightly 
with different thrust levels. The average center frequency 
of pet'- xoadband noise was found to be 2000 hertz. 

Fiyre 18b illustrates t h a t  the /?/rev and 6/rev CCIRI- 

pc .. ents cf Figure 18a also are seer! tc? 4oninste the tine 
Astory of that record. Higher harmonics up to 4O/rev are 
aiso identifiable in tne s i g n a i .  
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The model tail rotor frequency spectrum shown in Figure 
19a is similar to that of the main rotor, except that the 
tail rotor source frequencies shift to a higher frequency 
range. Another exceptior. is the high amplitude component of 
i/rev at 208 hertz and its associated higher harmonics at 
3/rev, S/rev, etc. This is believed to be due to different 
aerodynamic loading on each blade, caused by the blades 
being slis:..tly out of track. This problem did not interfere 
with the test data of interest, since the fundamental 
harmonic at 416 hertz (2/revl and its associated harmonics 
are substantially higher in amplitude than the harmonics 
caused by the slight out of track. As in the case of the 
main rotor, tail rotor broadband noise is shown to be the 
broad curve forming the base of the harmonics (dashed line) 
which peaks at about 3000 hertz. Because of its relatively 
low sound level, tail rotor broadband noise was difficult to 
extract from the data. In some cases, it was necessary to 
read peak levels at center frequencies greater than 3000 
hertz. 

Figure 19b shows that the tail rotor signal is made up 
of two primary harmonic tones, 2/rev and 4/rev. In some 
configurations, harmonics at 6-,  and 8- and lO/rev are also 
of significance. 

Isolated Rotors 

An extended analysis of the isolated main and tail 
rotor acoustic data is presented in Appendix D. It dis- 
cusses the effects due t o  the presence of the vertical fin, 
sound directionality around the rotors and temperature 
effects on the test data. It also presents a summary of 
baseline thrust sweeps for each rotor. 

For the main rotor, this analysis shows that variations 
of noise with temperature were less than 3dB and so was con- 
sidered not to be important for this test. The presence of 
the vertical fin was found to significantly increase main 
rotor 2/rev and broadband noise at the top forward tail 
rotor position. Main rotor noise was generally unaffected 
by the fin located at the other positions. 

The presence of the fin when running the tail rotor 
aloce was also fcnzc! to Le inprtszt. Tail rctor 4,'rc-v was 
seer. C-3 izzroase up tc lods ,"ez=lice 3 2  t,?e fi i- .  !! c=rcm?zt 
lcsscr izpaatt was szen OR tail r s t c r  ! x c z ~ ~ z = . ? ( !  zsisc.  
Placing the tail rotor in either pusher or  tractor configuration 
was seen to have little jifference on noise levels. 
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ORIQINAL: PAGE IS 
OF POOR QUALlW 

Representative test run data points are presented in 
Appendix C for isolated main rotor, isolated tail rotor and 
main rotor/tail rotor interaction cases. Thrust sweeps for 
microphone 4 and samples from the other five microphones at 
one thrust level are included. This data is discussed in 
Appendix D for the isolated rotor cases and in the following 
sections for the interaction cases. 

Main Rotor/Tail Rotor Interaction 

The model main and tail rotors, when operating together, 
resulted in a fairly balanced system acoustically where 
neither rotor completely dominated the noise spectrum. In 
all cases of primary interest, the noise components of both 
rotors were easily distinguishable. 

Interaction effects between the main and tail rotors 
cause substantial and sometimes unpredictable changes in the 
noise spectrum produced. The interaction effects on each 
rotor are discussed separately in the following sections. 
The influence due to pusher and tractor configurations is 
also examined. 

Interaction Effects on the Main Rotor. - Figures 20 and 
21 show the effect of thrust level on main rotor fundamental 
harmonic (2/rev) and broadband noise for the tail 
rotor pusher and tractor configurations, respectively. 
Except for the top forward tail rotor position, both figures 
show little effect on the main rotor fundamental. The noise 
level at the top forward position remained about 6dB above 
the average of the other positions through the thrust range. 
This is believed to be due to the proximity of the fin to 
the main rotor tip and not to any rotor/rotor interaction 
effect. This is discussed in more detail in Appendix D. 
Test data showed that the second through the fifth harmonic 
acted similarly to the fundamental harmonic at each position. 
Harmonic above the fifth appeared not to be sensitive to 
interaction and were much more stable for the various tail 
rotor locations. 

Figures 20b and 21b do show a significant increase in 
hioadlarid noise f o r  both the 2usher and tractor configura- 
tions. The levels for the worst cases are approximately the 
same for both configurations, although the levels drop off 
raster f o r  the pusher configuracion co isolated rotor levels 
as the tail rotor is lowered or moved back (a decrease of 
14-20 dB). The isolated main rotor runs, discussed earlier, 
showed main rotor broadband noise to increase because of the 
presence of the fin. The interaction runs showed no such 
change. Apparently, the interaction effects on the main 
rotor broadband noise were greater than the fin effects. 

11 



Interaction Effects on the Tail Rotor. - Figure 22  shows 
the interaction effect on tail rotor harmonic noise (average 
of 2- ,  4 - ,  6- and 8/rev) for the pusher and tractor configura- 
tions. The noise level is seen to be maximum with the tail 
rotor located at or slightly below the main rotor plane and 
dezreases slightly as the tail rotor is moved away from this 
central position. This shows that either a very high or 
very low tail rotor Fosition is best for low harmonic noise. 
A -  the tail rotor is moved back in tractor configuration, 
the noise still decreases about two dB. As the tail rotor 
is moved back in pusher configuration, fin effects appear to 
prcdominate and increase noise levels by six dB from where 
it would have been without the fin in place. The larger 
spread of data in the pusher configuration than in the 
tractor configuration also shows more influence on that con- 
figuration by the main rotor. 

Figure 23 shows the variation in noise levels with 
position for the first five tail rotor harmonics. The 
pusher and tractor configurations are compared at a typical 
operating thrust of 62 newtons. In the pusher configuration, 
the fundamental harmonic is greatly influenced by tail rator 
position (a 15-20 dB spread); higher harmonics are influenced 
to a lesser extent (a 5-10 dB spread). In the tractor con- 
figuration, the fundamental harmonic does not tend to change 
a drastically (a variation of less than 8dB); higher harmonics 
tend to vary more (as much as 20dB), depending on tail rotor 
position. The increase in the second harmonic is seen in 
the pusher configui-ation as the tail rotGr moves away from 
the area of highest interaction and the effect of the vertical 
fin increases. The fundamental harmonic is suppressed at 
the same time. 

The effect on broadband noise is shown in Figure 24. 
In the pusher configuration, tail rotor position in and 
above the main rotor plane cause an increase in tail rotor 
broadband noise. The least interaction occurs well below 
the main rotor plane. In the tractor configuration, the 
broadband noise component is insensitive, for the most part, 
to tail rotor position. This close grouping is similar to 
the close groupinq in the fundamental harmonic for the same 
configuration shown in Fiqiire 22b. 

12 



S U P W R Y  OF RESULTS 

A .151 scale model tes t  w a s  conducted t o  de termine  t h e  
e f f e c t  o f  t a i l  r o t o r  l o c a t i o n  (wi th  r e s p e c t  t o  t h e  main 
r o t o r )  and o r i e n t a t i o n  (pusher  v e r s u s  t r ac to r )  on r o t o r  
performance and n o i s e  i n  hover o u t  of  ground e f f e c t .  
E f f e c t s  of  a v e r t i c a l  f i n  were inc luded  i n  t h e  i n v e s t i g a t i o n .  

E f f e c t s  o f  Aerodynamic I n t e r a c t i o n  on Rotor Performance 

1. 

2. 

3 .  

4 .  

5 .  

6 .  

i. 

Main rotor power r e q u i r e d  t o  hover  o u t  o f  ground e f f e c t  
w a s  i n c r e a s e d  up t o  3% over i s o l a t e d  main rotor power 
due  t o  aerodynamic i n t e r a c t i o n  w i t h  the t a i l  rotor and 
ver t ical  f i n .  

The i n t e r a c t i o n  p e n a l t y  on main rotor  power w a s  greatest 
w i t h  t h e  t a i l  ro tor  l o c a t e d  i n  close p rox imi ty  t o  t h e  
main ro tor  p l a n e  (i. e, w i t h i n  . 5 r  above, below and a f t  
o f  t h e  minimal l o n g i t u d i n a l  spac ing  i n  t h e  p l a n e  o f  t h e  
main rotor)  and w a s  more s e n s i t i v e  t o  l o n g i t u d i n a l  
spac ing  t h a n  ver t ical  spac ing .  

I n t e r a c t i o n  p e n a l t i e s  on  main rotor PO\ r were g r e a t e r  
(by about  1% i n  t e r m s  o f  i so la ted  main rotor  power) f o r  
tractor t a i l  rotor c o n f i g u r a t i o n s  t h a n  f o r  pusher  t a i l  
r o t o r s .  

With t h e  t a i l  rotor  l o c a t e d  i n  close proximi ty  t o  t h e  
main r o t o r ,  i n t e r a c t i o n  p e n a 1 : i e s  on main rotor  power 
were greater wi thou t  t h e  f i n  than  w i t h  t h e  f i n  i n s t a l l e d .  

The primar; i n f l u e n c e  on t a i l  rotor  performance i n  
hover  o u t  o f  ground e f f e c t  w a s  f i n  blockage.  The main 
r o t o r  wake and l o c a t i o n  of  t h e  t a i l  r o t o r  w i t h  r e s p e c t  
t o  t h e  main r o t o r  had o n l y  a second o r d e r  e f f e c c  on t h e  
t a i l  r o t o r / f i n  i n t e r a c t i o n .  

The r a t i o  of  t o t a l  t o  n e t  t a i l  ro tor  t h r u s t  r e q u i r e d  
f o r  yaw t r i m  v a r i e d  almost l i n e a r l y  w i t h  f i n  blockage 
r a t i o  and ranged up t o  1.50 f o r  t ractor  t a i l  rotors  and 
1.08 f o r  pusher  t a i l  r o t o r s  w i t h  a f i n  blockage equa l  
t o  35% of  t h e  t a i l  r o t o r  d i s k  area. 

E f f e c t s  of Aerodynamic I n t e r a c t i o n  on Rotor  Noise 

Main rotor  noise i n c r e a s e d  up t o  6dB when t h e  t a i l  
r o t o r  was 1 c ~ s . t e d  zt;/nr ?.hcve ?n;l i- ?lose p r c x i m i t y  t o  
t h e  main r o t o r  p lane .  Th i s  e f f ec t  d iminished  and 
e v e n t u a l l y  d i sappea red  a s  t h e  t a i l  r o t o r  was moved 
below t h e  main r o t o r  p l ane  o r  away from t h e  main 
r o t o r .  

13 
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2'.+ The presence of the fin at the top forward position 
caused an increase of up to 5dB in the main rotor 
fundamental harmonic noise and smaller increases in 
main rotor broadband noise. The presence of the fin 
showed little effect on main rotor noise at the other 
tail rotor locations. 

3 .  The harmonic noise level for tail rotors located at 
minimum longitudinal spacing from the main rotor was 
noticeably less for the extreme high and low tail rotor 
locations. 

4 .  The presence of the vertical fin was seen to cause a 
significant increase in harmonic noise for the pusher 
tail rotor. This fin effect increased as the pusher 
tail rotor was moved down and then away from the main 
rotor. The vertical fin showed little effect on tractor 
tail rotor noise during the hover interaction. 

14 
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Figure 9 .  Effect of l a t e r a l  pos i t ion ing  of the  tail rotor on 
rotor wake proximity. 

24 



c---- Forward 

Tuft g r i d  

ElSr -4 tfqf 
- 

(a) I so la ted  T/R 

Area O f  T/R 
wake impingement 

El 
( c )  Crf = .008 

T/R 
C = .0035 

*M/R 

T/R p o s i t i o n  i- 

(e) C = . O l 4  
T ~ / ~  

C 2 .l)o55 
T M i R  

V i e w  looking inboard,L.H.side 

Figure 1 0 .  Tuft pattern indicat ion of t a i l  rotor 
wake displacement due to  rotor/rotor 
in terac t ion ,  pusher t a i l  rotor i n  the 
plane of the  main rotor, f i n - o f f .  
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Figure 1 2 .  Effect  of fin blockage on tractor t a i l  rotor 
cp vs. c 8 main rotor o f f .  
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APPENDIX A 

TEST EQUIPMENT 

Node1 

The model represented a single (main) rotor helicopter 
with antitorque (tail) rotor. The model consisted basically 
of a main rotor, a tail rotor, a vertical fin, the respective 
rotor drive systems, rotor stands and base (see Fig. A-1). 
Both rotors and vertical fin were -151 scale of the Model 222. The 
1.829m diameter main rotor was a two-bladed semi-rigid, 
teetering type. The .316m diameter tail rotor was a Locke 
Number scaled, stiff-in-plane, two-bladed teetering rotor 
with collective pitch. Basic data for the main rotor, tail 
rotor and vertical fin is summarized in Table A-I. 

TABLE A-I. BASIC MODEL DATA 
MAIN ROTOR TAIL ROTOR i 

Number of Blades 

Disk area, m2 
Blade chord (constant), m 
Solidity 
Blade twist (linear) rad 
Precone, rad 
Pitch/flap coupling, rad 
Flapping Stops# rad 
Direction of rotation 
Rotor speed, rad/s 
Tip speed, m/s 
Blade airfoil 

Radius, Ill 
2 . 9144 

2.627 . 110 
.076 
-178 . 061 
-192 

f.209 

.241.4 
220.8 

CCW looking down 

FX080 

2 . 1581 . 078 
.038 . 153 

0.0 
0.0 
0.0 
2 . 2 0 9  . 

Top blade aft 
1306.7 
206.5 

NACAO 0 12 

VERTICAL FIN 

Span, m 
Chord (average) I m 
Area, m2 
Airfoil 

\ Leading edge sweep ?nqI.e, rad 

I Incidence angle, rad 
Upper 
Lower i 

2.438 
.720 

1.757 
15% Clark Y Modified 
(Cambered side to the right: 

. 5 2 9  

.926 

.026 Nose right 

A-1 





The main rotor was mounted on a drive system which in- 
cluded a 56 kw variable speed electric motor, a saeed reducer, 
a tilting and yawing pylon assembly, rotor controls, and a 
five component rotor balance. The speed reducer output 
shaft drove the mast through a spline coupling and flexible 
disk coupling at the rotor balance. Main rotor fore and aft 
cyclic and collective were remotely controlled. Direct 
current motors were used for the control actuators. A 
collective control actuator was mounted above the rotor 
balance. The cyclic actuators rode on the slider assembly 
to provide fore-and-aft and lateral swashplate tilt. A 
forty slip ring assembly, used to carry signals from the 
rotating system, was located below the speed reducer gearbox. 
The tail rotor drive assembly consisted of an adjustable 
base assembly, an 11 kw variable speed electric motor, a 
drive shaft, a collective control mechanism and motorized 
collective actuator. The vertical fin support was attached 
to the tail rotor drive base assembly. 

Both rotor drive systems were mounted atop stands to 
place the rotors out of ground effect. The resultant height 
to diameter ratio for the main rotor was 1.55. The stands 
were designed to slide on a base for lateral and longi- 
tudinal positioning of the rotors. Vertical positioning was 
obtained by use of shims under the tail rotor drive base. 
Canted tail rotor cases were simlated by tilting the main 
rotor mast and vertical fin through the required angle. 
Test stand changes from pusher to tractor tail rotor operation 
were made as follows: (1) the main rotor stand was moved to 
the opposite side of the "T" shaped base, (2) the tail rotor 
drive assembly was rotated 180 degrees, and (3) the tail 
rotor hub and blade assembly was inverted to maintain top 
blade aft orientation. The vertical fin was also turned 
around to maintain its fore-aft orientation. Relative 
positioning of the tail rotor and fin for the various test 
configurations is shown in Figures A-2 and A-3. Figure A-2 
shows the two fin blockages used in the test. Figure A-3 
shows the laterzt!. separation of tail rotor and fin. 

Test Facility 

The model was situated in a 16m diameter covered whirl cage 
test facility (.see Figure A-4). The cage consisted of a 
concrete floor, wire mesh walls, and a conical wooden roof 
5.4m high at the wall ar.d 3m high at the center, Canvas 
curtains were used to block outside winds. A 1.2m opening 
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(a) S/A=.l8 

(b) S/A = .39 

Figure A-2. Fin blockage ratios used i n  test.  
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(view looking down) 
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Figure A-3. Lateral separation of the tail rotor and 
vertical f i n  
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was maintained above and below the curtains to avoid recirculation. 
Contr31 inputs to the model were made from an operator's 
console located along with the data acquisiticn sysLdm in a 
building adjacent to the whirl cage. 

A 2 meter by 3 meter wire mesh tufted grid was situated 
approximately 2m to the l*ft of the tail rotor in order to 
show the tail rotor wake location and any main rotor recir- 
culation. A closed circuit TV camera was placed approxi- 
mately 2.4m behind the tail rotor. 

Five microphones were located in a semicircle around 
the tail rotor at a radius of 3.35m and a height of 2.75m 
(in the plane of the main rotor). The same listance was 
maintained to the tail rotor whether in pusher or tractor 
mode (see Fig. A - 4 ) .  A sixth microphone was placed 5.lm in 
front of the tail rotor at a height of 1.22m. These locations 
were chosen to minimize interference with mwing the rotor 
test stand and yet maintain a maximum distance from any 
reflective surface. The reflective surfaces of the floor, 
roof, and walls were not treated and appeared to have no 
significant impact on the mcdel data taken. Figure A-5 
shows the microphone n-ambering system useu for the test. 

Model Instrcmentation 

The main rotor balance sensed thrust, ).: force, Y force. 
pitching moment aRd rolling moment through strain gaged 
flexures. Main rotor torquc. was sensed by strain gages on 
the mast. Main rotor cyclic and collective inpucs were 
sensed with linear potentiometers. Fla9ping and feathering 
motions were sensed by rotary potentiometers. Rotaticnal 
speed and azimuth position were sensad by a naqnc.-7.c pickup. 
To monitor for safety, the main rotor hub and blades were 
strain gaged to sense pitch horn loads, hub beam and chord 
bending, and blade beam bending. 

Tail rotor torque was measured as reacted drive motor 
torque. This torque was sensed by a strain gaged motor 
support member. Tail rotor thrust was sensed by an inde- 
pendent, side-mounted thrust balance witn strain gaged 
flexures. Tail rotor collective input was sensed by a 
rotary potentiometer. Tail rotor rotational speed and 
azimuth position were sensed by magnetic nickup. Fin side 
ct ,K lx?  was sensed by a strain gaged load cell supportinq the 
verticai fin. 
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The accuracy of rotor thrust and torque 
with the one exception of tail rotor torque, 

measurements, 
was 22% of full 

scale measured data. 
due to aerodynamic interaction were accurate to 21% due to 
the specialized test run procedure. That run procedure 
involved the following: (1) extensive warm-up and temperature 
stabilization, (2) consecutive records at each prime data 
point, (31 repeat of each prime data point during each run, 
and (4) conduct of a follow-on isolated main rotor thrust 
sweep for each run. Due to the low sensitivity of the tail 
rotor torque gage, accuracies for tail rotor power measurements 
could be verified to be no better than 210%. However, tail 
rotor power measurement was demonstrated to be reasonably 
repeatable, and good correlation was obtaiped with test data 
of Reference 1 (see Figure 13). 

Computed increases -in main rotor power 

Data Acquisition 
f 

Model Data - The data acquisition system provided on- 
line data reduction for those data items shown in Table A- 
11. The analog signals were filtered at 2 €9 to provide 
essentially steady-state data. Rotor speed pulses were con- 
verted to analog signals. These data items were then scanned 
sequentially at a rate of 1000 channels per second. At this 
rate, there were approximately 2 observations per main rotor 
revolution and 1 observation for every three tail rotor 
revolutions for each respective data item. The sample size 
for each time-averaged update was 25. The sample thus 
spanned approximately 12.5 main rotor revolutions and 67.5 
tail rotor revolutions. The observations from the scanner 
were digitized by a digital voltmeter for input to the on- 
line computer. The computer was used to store the digitized 
data observations, adjust for zero tare, time average the 
sample, compute the five component balance interaction 
functions, and reduce the data to engineering units. This 
reduced data was continuously updated, displayed on a CRT 
and printed on a hardcopy during each test run. The com- 
puter tlso solved for tail rotor thrust required for yaw 
trim according to the following equation: 

+F 

This data was displayed to aid the operator in attaining a 
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TABLE A-11. DATA ITEMS SCANNED AND REDUCED 
ON- LINE 

I 
Hain Rotor T a i l  Rotor V e r t i c a l  F i n  I 
1. T h r u s t  
Force  
2. H Force  

1 3. Y Force  
4. P i t c h i n g  Moment 

6 .  S h a f t  Torque 
7. Col l ec t ive  
8.  Rotor  Speed 

R o l l i n g  Moment 

1. T h r u s t  1. S i d e  

2. S h a f t  Torque 
3. Collective 
4 .  Rotor Speed 

~ 

P 

TABLE A-111. DATA DISPLAYED AT OPERATOR'S CONSOLE 

D i g i t a l  Analog Meters* 

Main Rotor - T h r u s t  
S h a f t  Torque 
Collective 
Long i tud ina l  C y c l i c  
Lateral C y c l i c  

T a i l  Rotor - T h r u s t  
S h a f t  Torque 
Collective 

D i g i t a l  D i sp lays  

Main rotor  speed 
T a i l  rotor  speed 

CRT Displays 

Main Rotor - Hub beam vs. chord bending 
P i t c h i n g  moment vs. r o l l i n g  moment 
P i t c h  l i n k  ioad 
F1 apping 

T a i l  Rotor - S h a f t  t o r q u e  

* Indicates p e r c e n t  f u l l  scale 
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trimmed hover condition for the prime data points. A time 
code generator was used to give a unique record number and 
time of day for each prime data point. 
console was provided with various visual displays as shown 
in Table A-111.  

The operator's 

Acoustics Data - The acoustics data acquisition system 
consisted of six microphones mounted on tripods, a s i x  
channel microphone amplifier, a time code generator, and a 
14-track instrumentation tape recorder. Levels were moni- 
tored with a narrow band analyzer/oscilloscope and a digital 
voltmeter. The data acquisition system is shown in Figure 
A-6 . 

B C K  4131 one-half inch pressure response microphones on 
B&K preamplifiers with wind screens attached were used. The 
microphone diaphragms were kept parallel to the plane of the 
main rotor for flat frequency Eesponse. The signals were 
conditioned by a six channel microphone amplifier with 10 dB 
per step gain adjustments. 

The microphone system was calibrated at the beginning 
and end of each tape reel and at the beginning and end of 
each day with a Pistonphone calibrator. This calibrator 
provides a 124 decibel RMS 250 Hertz tone. System frequency 
response was checked daily with a portable ransom noise 
generator. 

Time code and record numbers were recorded along with 
the microphone signals on an Ampex FR-1300 14-track tape 
deck. The tape recorder used IRIG B intermediate band FM 
electronics and a tape speed of 30 inches per second, which 
gave a frequency response of DC to 10 KHz and a signal to 
noise ratio of 46 dB RMS. The same record numbers and time- 
of-day were used as for the model data acquisition system. 
A prime data signal was used to show valid data for each 
record. The time code, based on hours, minutes and seconds, 
were in IRIG B format. Additional code bits were used to 
provide record numbers and indicate prime data. 

All of the components of the system were calibrated and 
tested prior to setup by the BHT Standards and Calibration 
Laboratory, providing traceability to the National Bureau of 
Standards. The system frequexp respcnse of one charlnel of 
the system, not inc lud ing  t h e  microphone, is shown ir! Figure 

A-11 
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A-7. The combined ambient  background n o i s e  and t h e  t a p e  
r e c o r d e r  noise f l o o r  is  shown i n  F i g u r e  A-8 for a n  i n t e r -  
mediate g a i n  s e t t i n g .  
a f f e c t e d  by either t h e  system f requency  r e sponse  or t h e  
recorder n o i s e  f l o o r .  The system f requency  r e s p o n s e  d id  
c a u s e  loss of data  above 10 KHz and t h e  recorder n o i s e  floor 
dominated the  spectrum below 80  Ht, b u t  t h e s e  r e g i o n s  w e r e  
n o t  of i n t e r e s t  d u r i n g  t h i s  test. 

None of t h e  test data t aken  was 
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TEST PROCEDURE ~ P o O R Q u M  

The test was conducted in a series of 110 separate test 
runs over a period of two months. The individual test runs 
were distinguished by defining the following parameters: 1) 
operating mode, 2 )  tail rotor location, 3 )  Pusher versus 
tractor tail rotor, 4 )  cant of tail rotor, 5 )  fin blockage 
ratio. The configuration code developed to specify these 
parameters is shown in Figure A-9. Data was recorded for 
three operating modes: 1) isolated main rotor, 2 )  isolated 
tail rotor, and 3 )  interaction, i.e.? both rotors operating. 

Identification numbers defining the tail rotor location 
matrix are shown in Figure A-10. The initial grid of tail 
rotor locations established for this test consisted of grid 
point numbers 1 through 12 shown in Figure A-10. Spacing 
between the initial grid points was in increments of 1.0r. 
This grid was explored starting with the tail rotor locations 
nearest the main rotor and proceeding to the more remote 
tail rotor locations. This exploration continued for each 
row to the point at which main rotor power was unaffected by 
operation of the tail rotor. Within this established boundary, 
a number of intermediate grid points at .5r increments were 
added. Data for grid points 5 and 9 through 12 has been 
omitted from this report due to equipment problems which 
occurred during those test runs. Based on the results 
obtained from the remainder of the test, it is believed 
that these grid points are outside the boundary of tail rotor 
locations that produce significant interaction in hover. A 
summary of the valid test runs is given in Table B-I. 

The following run procedure was developed to demonstrate 
repeatability and to compensate for thermal effects on the 
main rotor thrust measurement: 

Ambient conditions [Outside air temperature, 
barometric pressure, wind velocity) measured and 
recorded. 

krm-up Run - Both rotors at operating speed and 
e':cvated load. 

Initial static zero - Rotors stopped, 
Stabilization Period - Both rotors at ogeratinq 
sk; :-d mid e1evdta.i ioad 

hteraction Data - Trim at approximately 4 main 
rotor thrust levels. Set main rotor collective to 
obtain desired thrust. Adjust tail rotor collective 
to obtain required antitorque. (Where required anti- 
torque was in excess of the tail rotor maximum 
thrust capability, the tail rotor was operated at 
maximum collective of .3C radians). Take two 
consecutive prime data records. Repeat trim 
points. 
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I 2 P 
c 

C F 18 

39 & 18 
T / R  D I S K  BLOCKAGE (%)  

P PUSHER T/R 
T TRACTOR T/R - 
1 thru 20 
LOCATION G R I D  POINT 

- M  ISOLATED M/R 
T ISOLATED T/R 
I 3,'R - TlEI INTEIUXTION 

F i g u r e  A-9. T e s t  configuration code. 
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6 )  Isolated Mair. Rotor Data - Tail rotor stopped. 
Take prim& data record at approximately 4 main 
rotor thrust levels, Repeat 4 thrust levels. 

7) Final static zero - Rotors stopped, 
As mentioned before, openings below and above the 

canvas curtains covering the walls of the whirl cage were 
maintained to avoid recirculation of rotor wake. Because of 
these openings to the outside, wind velocity was measured at 
the model prior to start-up of each test run. Runs were 
conducted only if maximum winds were less than l.Sm/sec. 
The procedure of taking two conSecutive records for each 
grime data point and repeating this trim condition within 
each test run (resulting in four records for each trim 
condition for a given run) helped minimize the effects of 
any wind gLsts occurring during a test run. 

The four main rotor thrust levels comprisinq the 
thrust sweeps were, in terms of CT, .0021, .0035, .0050, 
and . 0064 .  In some instances, the antitorque requirement 
for trim exceeded maximum tail rotor thrust capability. In 
these cases, tail.rotor collective was set to maximum and 
the record was taken in this untrimmed condition. 
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DATA REDUCTION 

Aerodynamic Performance Data 

Due to low frequency filtering and sample averaginq as 
discussed previously, the values for prime data present -: in 
Appendix B are believed to fairly represent steady state 
conditions. An adjustment was made to the original recorded 
data to account for any difference between initial and final 
static zero values as measured for each run. Curve fits of 
power coefficient, C versus thrust coefficient, CT for both 
rotors were obtained by a regression technique and based on 
an equation of the general form: 

P 

C = a. + alCT 3/ 2 
P 

This model was based on the theoretical relationship of 
induced power in hover to thrust. (Equation 34 of Ref .6). 
Profile power contzibutions were considered secondary in 
effect and not included in the model. Tail rot.31: data 
exhibited an abrupt change in the C versus C, relationship 
at the onset of rotor stall. For this reason, where suffi- 
cient data was available, two separate curve fits were 
applied to the tail rotor data, one below and one above the 
stall break. 

P - 

Acoustics Data 

After a first look at the data using a real-time narrow- 
band analyzer, representative prime data records were pto- 
cessed for high speed digitizing and copying onto digital 
tapes for further analysis. All data were digitized at a 
rate of 32763 samples per second to ensure high resolution 
and to place the Nyquest frequency well above the highest 
frequency of interest. 

The digitized data were subsequently processed through 
a time history plot program and a spectrum analysis program. 
Corrections for reference calibration level and amplifier 
gain were automatically made in each computer program. 
Since the system frequency response consistenly appeared 
within tolerance, no adjustments for frequency response were 
applied to the data. 

Time histories are plotted for approximately 1.5 r w o -  
lutions of the main rotor (39 milliseconds per plot) for 
isolated main rotor  and for approximately 2 . 5  revolutions of 
the tail rotor (13 milliseconds per plot) for isolated tail 
rotor cases. This analysic allows determination of peak 
amplitudes and reveals any distinct characteristics of the 
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waveform. 

The spectrum analysis program uses the Fast Fourier 
Transform (i'FT) technique to reduce data. Blocks of 32768 
samples are first processed to provide a frequency spectrum 
analysis with a one Hertz resolution. The resulting fre- 
quency coefficients are then smoothed usixrg a fGur hertz 
sweeping filter. Each contiguous block is then ensemble 
averaged for the length of the prime data record to give 
statistically valid data and plotted on a log frequency 
scale. Each record presented in this report was averaged 
for twelve seconds. Tht. frequency analysis technique allows 
identification of noise-,>reducing components, determination 
of what source actually dominates the noise, and reveals the 
relative contribution of harmonic and broadband noise. 
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APPENDIX' B 
- _  

TABULATED TEST DATA 

This appendix is a tabulation of measured performance 
data. All data is shown in SI units, The tables are ordered 
by test run number. The test configuration for each run is 
indicated by the configuration code in the table heading. 
An explanation of the code is presented in Figure A-9. Tail 
rotor lxations are defined by grid point as shown on Figure 
A-1G. A summary of all test runs included is shown in Table 
B-I .  For test runs including both main and tail rotor 
operation, a table of main rotor data is presented first, 
followed by a table of tail rotor data. The HODE item shown 
for main rotor data is defined as follows: 

INTERACTION - Both main and tail rotors operating. 
*ISOLATED - Mdin rotor only operating; tail rotor stopped. 

Included at the end of each Interaction run. 

T/R @ FLAT PITCH - Hain rotor operating at low thrust: 
tail rotor operating at zero thrust, 

Within each table the entries are arranged by prime data 
record number. At each prime data "trim" point, two con- 
secutive records were recorded as a check on repeatability 
of the time averaged data. These consecutive "repeat" 
records are denoted by the suffixes A and B on the recorc! 
numberc. 

Rotor collective setting THETA applies to 3/4 radius setting 
for the twisted main rotor blade. Fin force is positive in 
the opposite sense of positive tail rotor thrust, Fin and 
net tail rotor thrust coefficients are defined as follows: 

= c  
T~~~~ 

CT 'NET 

C REQUIRED 
. TIJET 
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T W & E  B-I .  SUMMARY OF TEST XJNS - ? .  

1 .  , I  f 
t .  

: Run NumSer 1- , Configuration )I Run Number 

30 
49 
32 
54 
64 
65 
66 
67 
68 
69 
70 
71 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85  

T6P 
T2PF18 
T2PF18 
T3PF39 
I8PF39 
18P 
14P 
I4PF39 
I3PF39 
13P 
I7PF39 
I6PF18 
I13PF18 
IlPF18 
12PCF18 
114PF18 
I15PF18 
116PF18 
117PF18 
T17PCF18 
117PF39 
118PF39 
I19PF39 
I2PF18 
12F 

86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 

Configuration 

I2TF18 
T2TF18 
I2TCF18 
T2TCFl8 
12T 
I13TF18 
I6TF18 
I1 6TF3 9 
T16TF39 
119TF39 
I7TF39 
I3TF39 
13T 
I18TF 3 9 
I4TF39 
I8TF39 
117TF39 
T17TF39 
117TFlS 
T17TF18 
114TF113 
115TF18 
I20TF18 
IlTF18 
T1T 
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APPENDIX C 
ORICMUM P u g  
OF WMrn M A I N  ROTOR PERFORMANCE PLOTS 

P l o t s  o f  main  r o t o r  performance are p r e s e n t e d  i n  t h i s  
appendix.  The  p l o t s  are o r d e r e d  by r u n  number. A summary 
o f  test r u n s  is  p r e s e n t e d  i n  Table  B-I. C o n f i g u r a t i o n  codes  
and g r i d  p o i n t s  are p r e s e n t e d  i n  F i g u r e s  A-9 and A-10. Two 
p l o t s  are shown f o r  e a c h  main rotor case. The f i r s t  i s  a 
p l o t  o f  t h e  v a r i a t i o n  o f  power w i t h  t h r u s t ,  e x p r e s s e d  i n  t h e  
non-dimensional c o e f f i c i e n t s  C and CT. Discrete test  d a t a  P 
p o i n t s  f o r  b o t h  t h e  i n t e r a c t i o n  mode ( b o t h  rotors o p e r a t i n g )  
and isolated mode ( t a i l  rotor s topped)  are i n c l u d e d  on each  
p l o t  a l o n g  w i t h  t h e  r e s p e c t i v e  r e g r e s s i o n  c u r v e  f i t s .  The 
second p l o t  shows t h e  i n t e r a c t i o n  effects on main r o t o r  
power, expressed as t h e  power r a t i o  C ( I n t e r a c t i o n )  /C 

( I s o l a t e d ) , . v e r s u s  t h r u s t  c o e f f i c i e n t .  
d e r i v e d  from t h e  c u r v e  f i ts  o f  Cp v e r s u s  CT. 

for t h e  r e g r e s s i o n  c u r v e  f i ts  w a s  C 

The average s t a n d a r d  d e r i v a t i o n  o f  main r o t o r  C (measured 

PM/R pl!/R 
T h i s  power r a t i o  is  

The model used 
= a o +a 1 T  C 3/2 ( r e f .  p. A-20. )  

P 
P 

. ---- - 
Loca t ion  of T/R Hub S/A f o r  Pusher  T/R S/A f o r  Tractor T/R 
[ a f t  of  M/R t i p )  ----- -- 

0.0 .18  .39 0 .0  .18 .39 

1. l r  37.45 35.89 32.77 40 .57  37.45 3 1 . 2 1  
1 . 6 r  4 0 . 1 7  38.50 35.15 43.52 40.13 33.47 
2. l r  4 2 . 8 9  4 1 . 1 0  37.53 4 6 . 4 6  42.39 35.74 

v a l u e  versus c u r v e  f i t )  f o r  a l l  of t h e  C -C curve  f i ts  o f  
Appendix C w a s  1 .3% of t h e  mean C 

approximate ly  . 003. 

P T  
The a v e r a g e  mean C w a s  P. P 

Due t o  equipment problems, Run 092 was c u t  s h o r t .  
I n s u f f i c i e n t  d a t a  w a s  o b t a i n e d  for  i s o l a t e d  main r o t o r  
o p e r a t i o n  d u r i n g  t h i s  run  t o  e n a b l e  a s a t i s f a c t o r y  c u r v e  f i t  
of t h a t  p o r t i o n  o f  t h e  d a t a .  

* T a i l  r o t o r  s t a l l  as de termined  w i t h  ma in  
r o t o r  o f f  (F igs .  11 and 1 2 )  
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MAIN ROTOR POWER REQUIRED 
RUN 06U CONFIGURRTfON I8PFf9 

4 

P 
0 w 
Fi 
C 

E .  
F 
F 
I 
c 
I 
E 
N 
T 

a 

o.ao1s 0 .0025  0 . 0 0 3 5  0 .  oous 0 .0055  C .0065  

THRUST COEFFlCIENT 
o A 0 ISOLRTEO ------- 0 0 0 INTERHCTION - LEGElVO: MOO€ 
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MAIN ROTOR POWER RATIO 
RUN 06U CONFIGURRTION 18PF39 
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ORIGINAL P A N  IS 
OF POOR QUALITY 

I MAIN ROTOR POWER REQUIREE 
RUN 065 CONFIGURf3TION 18P - I 

0 

* .  

0 

P a u o  
E 
R 
C 

E 
F 
F 
I 
c o  
I 
E 
N 
T 

a 

0 

0 

0.0015 0 . 0 0 0 s  0 . 0 0 3 5  0.00Y5 0 . 0 0 5 5  0 .0065  

THRUST COEFFICIENT 
A A d ISOLATE3 
---1--- 

LECCNDi HOOE o o D INTERRCTION 
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MAIN ROTOR POWER RATIO 
RUN 065 CONFICURRTION T8P 

n 
R 
I 
H 

R 

U 
R 

P 
8 
CI 
E 
R 

R 
R 
f 
1 
U 

P 

- OWER R A T I O  = CP [ INTERACTION1 / C P  I I S O L F I T E O I  
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MAIN ROTOR PFWER R E W I R E D  
RUN 066 CONFIGURRTION fYP 

0.  

- .  
0.  

P 
tl w 0 .  
E 
R 

G 
E 
F 
F 
I c 0 .  
I 
E 
N r 

0 .  

0 .  

0.001s 0.oozs 0 . 0 0 3 5  0 .  oous 0.  OOSS C. 0065  

THRUST C O C f F I C I E N T  

A A A I S C I L A ~ E D  _---..- 0 3 0 fNTERACT!ON - LEGEND: n o m  
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MAIN ROTOR POWER RATIO 
RUN 066 CONFIGURRTION I Y P  

n 
A 
1 
N 

R 

0 
R 

P 
0 
w 
E 
R 

R 
A 
T 
I 
0 

5! 

- OWER A R T 1 0  * CP CINTERRCTIBN) / CP I ISOLATEDI  
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MAIN ROTOR POWER REQUIRED 
RUN 067 CONFIGUARTION IYPF39 

P 
0 

E 
A 

C 

E 
F 
F 
t 
C 
I 
E 
N r 

w 

a 

0.  

-.  
0 -  

0.  

0 .  

0 .  

0.0015 O.OO2S 0 . 0 0 3 5  0 .  0ovs 0 . 0 0 5 5  0.0065 

THRUST COEfPICIENT 
A P 0 ISOLATED -.----. 0 0 0 IHTERRCTION - IEGENO: MODE 
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MAIN ROTOR POWER RATIO 
RUN 067 CONFICUARTION IUPF3S 

n 
A 
I 
N 

R P 
a 
R 

P 
0 
w 
E 
R 
R 
FI 
T 
I 
0 

. - - -  - . - - . -  I-------- , . - . . . . . - .  I . . - . - - . . -  

0.0015 0.0025 0.0035 0 . 0 O Y S  0.0055 0 .0065  

M A I N  RUTOA THRUST COEFFICIENT 

OWER RRTIO 5 C P  C I N T E R F l C T I O N I  / CP IISULATEOI 
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MAIN ROTOR POWER REQUIRED 
RUN 068 CONFIGURATION I 3 P F 3 S  

0.  

4 

0. 

P 
0 
n 0. 

E 
C 
0 
E 
F 
F 
I 
c 0.  
I 
E 
N 
T 

0 .  

0 .  

0.0015 0.0025 0.0035 0.00Y5 0. JGSS 0.0065 

THRUST COEFFICIENT - 0 0 0 ShTERRCTION ------- A A A IscLRTEg LEGEND: HOD€ 
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MAIN ROTOR POWER RATIO 
RON 068 CONFIGURATION 13PF39 

n 
A 
I 
N 

R 

0 
A 

P 
0 
N 
E 
R 

R 
R 
1 
I 
0 

P 

0.001s 0 . 0 0 2 5  0 .0035 0.004s 0 .0055  0.0065 

W I N  ROTOR THRUST COEFFICIENT 

OWFR R A T I O  = CP [INTERACTION1 / C P  ( I S O L A T E 0 1  
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MAIN ROTOR POWER REQUIRED 
RUN 069 CONFIGURRTION K3P 

P 
0 
Y 

k 
C e 
E 
F 
F 
1 
t 
I 
E 
N 
T 

- - -  
0. 

0. 

0 .  

0 .  

0 .  

0.0015 0 .  0025 0- 003s 0.0045 0.0055 0 . 0 0 5 5  

THRUST a F F I t I E N T  
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".. 4 _. . -  . .  y . . : : . .  

MAIN'XOTOS POWER RATIO 
RUN 069 CONFIGURATION 1%' 

n 
A 
I 
N 

R 

0 
R 

P 
0 
W 
E 
A 

A 
A 
f 
I 
0 

8 

0.0055 0.0015 0 .0025  0 .0035 0 .  oou5 0.ooss 
M R I N  ROTOR THRUST COEFFIClENT 

3MER R A T I O  = CP ( I N T E R A C T I O N 1  / C P  I ISOLFITEOI  
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MAIN ROTUR POWER REQUIRED 
RUN 070 CONFIGURATION I7PF39 

-. 

P 
0 
w 
E 
R 

C 
8 
E 
F 
F 
I 
C 
I 
E 
N 
T 

0.001s 0.0025 0.003s o.oou5 0.  OOSS 0.0065 

THRUST COEFFICIENT 
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MAIN ROTOR POWER RATIO 
RUN 070 CONFIGURRTION I7PF39 

n 
9 
I 
H 

R 

0 
R 

P 
B 
w 
E 
R 

R 
R r 
I 
0 

! 

0.0015 0 .  002s  0 .0035  O . O O Y 5  0.  0055  0.0065 

HRIN ROTOR THRUST COEFFICIENT 

dWER R A T I O  - CP (INTERACTION1 / CP ( I S O L R T E O )  
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MAIN ROTOR POWER REQUIRED 
RUN 071 CONFIGURRTION I6PF18 

P 

b4 
a 

Fi 
C 
0 
E 
F 
F 
I 
C 
I 
E 
N 
T 

0.  

-*.  
0.  

0 .  

0 .  

0 .  

0 .  

0.0015 0 .0025  0.0035 0 .  OOYS 0 . 0 0 5 5  0.0055 

THRUST COEFFICIENT 
d P h ISOLRTED ------- 0 0 0 INTERRCTION - LEGEND: nooE 
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MAIN-*ROTOR POWER RATIO 

n 
A 
I 
N 
R 

0 
R 

P 
0 
N 
E 
R 

R 
FI 
T 
I 
0 

P 

0.0015 0 .0025  0 . 0 0 3 5  0.00US 0 . 0 0 5 s  0 .0065  

,. M A X N  nmon THRUST COEFFICIENT 

OWER R A T I O  - C P  ( I N T E R A C T I O N )  / C P  LISOLFITEOI 
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MAIN ROTOR POWER REQUIRED 
RUN 0 7 3  CONFIGURATION I13PF18 

0.0015 0 . 0 0 2 5  0.003s 0. 00US 0 . 0 0 5 5  0.0069 
THRL' .T  COEFF I C 1  ENT 

A A A ISOLATED ------- 0 0 S X T E R R C T I O N  - LEGEND: M03E 
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MAIN ROTOR POWER RATIO 
RUN 073 CONFIGURATION 113PF18 

tl 
Fl 
1 
N 

R 

8 
A 

P 
0 
W 
E 
R 

R 
R 
T 
I 
0 

B 

0 .0065  0. OOLS 0 .0025  0.003s 0 . 0 3 Y S  0 . 0 0 5 s  

M A I N  R O l O f l  THflUST COEFFICIENT 

@WET: R A T I O  = CP ;IN~iERACTIONI / C P  I ISOLATEOJ 
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P 
3 
H 
E 
R 
C 
0 
E 
F 
F 
I c. 
I 
N 
T 
C 

0.0096 

0.0005 

0.00011 

0.0003 

0.000z 

0.0001 

MAIN ROTOR POWER REQUIRED ~ ~~ 

RUN 074 CONFIGURATION IlPF18- 

0.0015 0 . 0 0 t 5  0 . 0 0 3 5  0 .  oous o.oos5 0.005s 
THRUST C O E f f ~ t I E N T  

P u 0 INTERAiiION A A A I S O L A T E 3  - .------ LEGElJO; MOOF 
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MAIN ROTOR POWZR RATIO 
RUN 0 7 Y  CC"FIGURRT1ON IlPFl8 

n 
A 
i 
N 

R 

0 
R 

P 
0 
w 
E 
R 

R 

T 
1 
0 

0 

a 

1. 

:. 

1. 

I .  

2 .  

0.  

0.0015 0 . 0 0 2 5  0 .0035 0.004s 0.9355 0.2335 
R A I N  ROTOR r H R U f T  CcEFFItIENT 
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MAIN ROTOR POWER REQUIRED 
RUN 075 CONFIGCRATION 12fCFla' 

P 
0 
W 
e 
R 

6 
E 
F 
F 
I 
C 
I 
E 
N 
T 

0. 

0. 

0. 

0 .  

0 .  

0 .  
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. .  

MAIN ROTOR POWER RATIO 
RUN 07s CONFSGURRTXON S2PCFl8 

n 
A 
1 
N 

R 
0 
e 
R 
P 
0 
N 
E 
R 

R 
A 
1 
I 
0 

0.0015 0.00215 0.0035 0 .  oou5 0.0055 0.0065 

WAIN ROTOR inRusi COEFFICIENT 

- bWER R A T Z O  = C o  C I N T E R A C f I O N l  / C P  !tSdLFiTEOJ 



MAIN ROTOR POWER REQUIRED 
RUN 076 CONFIGURATION IlYPF18 

0.0015 0.0025 0 . 0 0 3 5  0 .  oous 0.0055 0 .0055  

THRUST COEFFICIENT 
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MAIN ROTOR POWER RATIO 

n 
A 
I 
N 

R 
b 
1 
0 
R 
P 
0 
LI 
E 
R 

R 
A 
T 
I 
11 

CIUER R R T I B  = CP [ I N T E R A C T I O N 1  / CP I I S O L R T E D I  
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MAIN ROTOR POWER REQUIRED 
RUN 077 CONFIGURATION IlSPF!e' 

P 
0 w 
E 
C 
U 
E 
F 
F 
I 
C 
I 
E 
N r 

0.  

0 .  

0 .  

0 .  

0 .  

0 .  

0.0015 0.0025 0 . 0 0 3 5  0 .  O O Y S  0 .0055  0.0065 

THRUST COEFFICIENT 
A A A ISCJLRTEO .------ 0 0 0 I N T E R R C T I C N  - LEGEND: HOD€ 

I 
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MAIN ROTOR POWER RATIO 
RUN 077 CONFIGUARTION 11SPFlB 

n 
R 
1 
N 
R 

0 
R 

P 
0 
Y 
E 
R 

R 

I 
0 

P 

k 

DWER R A T I O  - CP IINTERACTIONI / CP IISOLRTEOI 
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MAIN ROTOR POWER REQUIRED 
RUN 078 CONFIGURRTION IlGPFl8 

P 
0 
N 
E 
R 
C 
0 
E 
F 
F 
I 
C 
I 
E 
N 
t 

0.  

0 .  

0 .  

0 .  

0 .  

0 .  
. 

0 . 0 0 a s  0.0035 a. 00VS 0.0055 0.0065 0.0015 

THRUST COEFF~XCIENT 

A P 4 ISaLa;t3 .-----I 0 0 0 ZNTERRCTI3N -- LEGEND: P ' 
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MAIN ROTOR POWER RATIO 
RUN 078 CONFIGURATION 116PF18 

H 
R 
1 
N 

R 

0 
R 

P 
0 
w 
E 
R 

R 
A 
T 
I 
0 

0 

0.001s 0.0025 0.0035 0 .  oov5 0.0055 0.0065 
HAIN ROTOR THRUST COEFFICfCN1 

OWER A R T 1 0  = CP [INTERACTION1 / CP IISOLRTEOI 
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MAIN ROTOR POWER REQUIRED 
RUN 079 CONFIGURRTION I 1 7 P F 1 6  

P 
0 w 
E 
R 

C 
a 
E 
F 
F 
I 
C 
f 
E 
N 
T 
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- 

H 
A 
I 
N 
R 
0 
T 

R 

P 

CI 
E 
R 

R 
A 
f 
I 

a 

a 

a 

MAIN ROTOR POWER RATIO 
RUN 079 CONFIGURATION 117PF18 

1. 

1 .  

1. 

1. 

1. 

0.0015 0 . 0 0 2 5  0.0035 0.00US 
8 -  

0 . 0 0 5 5  0 . 0 0 6 5  

MAIN ROTOR THRUST COEFFICIENT 

OWER R A T I O  = CP (INTERACTION) / C P  IISOLF4TEOI 
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MAIN RCTOR POWER REQUIRED 
RUN 081 CONFIGURATION I17PF39 

P c 
E 
R 
C 
a 
E 
F 
F 
I 
C 
I 
E 
N 
T 

w 
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MAIN ROTOR PGWER RATIO 

POWER RPTIO * CP (IYTERQCTION) / CF ( I S O L A T E 0 1  

RUN 081 CONFIGURATION I17PF39 

tl 
A 
I 
N 

R 

0 
R 

P 
0 
c( 
E 
R 

R 
R r 
I 
0 

P 

0.0015 0 . 0 0 2 5  0 .0035 0 . 0 0 ~ 5  0 . 0 0 5 5  0.0065 

HAIN ROTOR THRUST COCFFICICNT 
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-- 
MAIN ROTOR POWER-'REQUIRED 

RUN 082 C O N F I G U R A l l O N  118PF34 

P 
0 w 
E 
R 

C 
0 
E 
F 
F 
1 
c 

I 
E 
N 
T 

i 

0 .  

0 .  

0 .  

@. 

0 .  

0 .  , .  . . . . - - .  I - - ' - - - . -  - , - - - - - - - -  . I . - . . . . - - - - -  . - .  
0.0015 0 . 0 0 2 s  0 .  0035  O . O O Y 5  0 . 3 C S 5  0 .0065  

THRUST COEFFILIENT 
0 A A ISOLdfED ------- o 0 0 iNTE8RCTiQN 

7 

LEGENU$ vaoE 
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MAIN ROTOR POWER .RATIO ' 

RUN 012 CONFIGURATION 1 1 6 ~ ~ 3 9  

U 
A 
N I 

R 
0 
1 
0 
R 

P 
0 
N 
E 
R 

R 

I 

a r 
a 

0.001s 0.0025 0.0035 0 .  0 0 Y 5  0.0055 0.0065 

URfN ROTOR THRUST COEFFICIENT 

OWER RATIO = CP (INTERACTION) / CP ( ISdLQtEO!  
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MAIN ROTOR POWER REQUIRED 
RUN 083 CONFIGURATION Il9rF39 

P 
0 
Y 

E 
C 
0 
E 
F 
F 
I 
C 
I 
E 
N 
T 
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MAIN ROTOR POWER RATIO 
RUN 013 CONFIGURFITION risrns 

1 

1 

H 
A 
f w 
R 1  

b 
R 

P 
b 
W 
E 
R I  

R 
A 
Y 
I 
b 

3 

I 

0 

0.0015 O . O O t 5  0.0035 0 .  00u5 0*005s 0.0065 

M A I N  ROTOR THRUST C O E F F I C I E N T  

OWEA R F I T I I I  = CP CINTERFICfIONt / CP 1 I S O L A f E O l  

c-37 



MAIN ROTOR POWER REQUIRED 
RUN O I Y  CONFIGURATION 12fFl l  

P 

W 
e 

5c 
C 

E 
F 
F 
I 
C 
I 
E 
N 
1 

e 

0.0006 ' 

b.OOOS 

0. OOOY 

0.0003 

0.0002 

0.0003 - 
0.0015 0.0025 0.0035 a. QQYS 0.0055 0.0065 

THRUST COEFFICIENT 
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MAIN ROTOR POWER RATIO 
RUN ObY CONFIGUf!ATION 12PF18 

n 
A 
I 
N 
R 

0 
R 

P 

N 
E 
R 

R 
A 
1 
1 
I 

B 

e 

0.001s 0.002s 0.0035 0 .  oous 0.  OOSS 0.0065 

HRIN ROTOR THRUST COEFFICIENT 

OWEA R A T I O  = CP CINfER9CTIONI CP I I S O L A T E D 1  
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MAIN ROTOR POWER REQUIRED 
RUN 085 CONFIGURATION f 2 P  

P 
0 
w : 
C 
0 
E 
F 
F 
I 
c 
I 
E 
N r 

0.001s 0.002s 0.0035 O.OOY5 0.0055 0.0065 

THRUST COEFFICIENT 
0 o a i N i E f i G i T i 3 3  A a a i S O L c i i E O  - ------- L E G E N O :  HOG€ 
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MAIN ROTOR POWER RATIO 
RUN 085 CONFIGURATION 12P 

n 
A 
I 
N 
R 
0 
T 
0 
R 

P 
N 
E 
R 

A 
A 
T 
I 
0 

e 

0.001s 0.0025 0 . O Q f S  0.0OYS 0.0055 0.0065 

MAIN ROTOR THAUST COEFFICfENf 

ObiER R A T I O  = CP ( I N T E R A C T I O N 1  / CP ( I S O L F I T E O I  
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MAIN ROTOR POWER REQUIRED 
RUN OB6 CONF ICURRTION L Z T F l d  

P 
0 
c( 

ri 
C 
0 
E 
F 
F 
I 
C 
I 
E 
N r 
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MAIN ROTOR POWER RATIO 
RUN 066 C O N F I G U R A T I O N  I 2 T F 1 8  

n 
A 
I 
N 

R 
0 
f 
0 
R 

P 
O 
N 
E 
R 

R 
A 
1 
I 
0 

. .  

0 .0055  0 . 0 0 6 5  0.0015 0 . 0 0 2 5  0.003s 0 .  OOYS 

W R I N  ROTOR THAUST C O E F F I C I E N T  

OWER R A T I O  = C P  ( I N T E R A C T I O N )  / CP I ISOLFITEO)  
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MAIN ROTOR POWER REQUIRED 
RUN 088 CONFIGURATION 12TCFI6 

P 
0 
M 

k 
C 
8 
E 
F 
F 
I 
C 
I 
E 
N 
T 

0.0015 0.0025 0 .0035  O . O O Y 5  0 .0055  0.0063 

THRUST COEFFlCICNT 
0 0 0 INIEHWCriON P P A ISIJCRTEO - ------- LEGENO: MODE 
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MAIN ROTOR POWER RATIO 

n 
R 
I 
N 

R 

0 
R 
P 
0 

E 
R 

A 
A 
1 
I 
0 

P 

w 

1. 

1. 

1. 

1. 

1. 

0 .  
r 

0.0015 0 .0025  0 .0035  0 . O O Y S  0 .0055  0.0065 

MAIN ROTOR THRUST COCffICICNT 

. .  .. . 

OWER R A T I O  - CP (INTERACTION) / C P  I I S O L A T E O I  
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MAIN ROTOR POWER REQUIRED 
RUN 090 CONFIGURATION 12T 

P 
0 w E 

F 
C 
0 

F 
I 
C 
I 
E 
N 
t 

0 .  

0.  

0. 

0 .  

0 .  

0 .  

0.0015 0.0ozs 0.0095 0.00115 0 . 0 0 5 5  O.UOG5 
THRUST COEFFICIENT 

A 4 A ISOLRTEO ...-.-. 0 0 0 INTERRCTION - LEGENO: HBOE 
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~~ 

MAIN ROTOR POWER RATIO 
R U N  090 C O N F I G U R A T I O N  12T 

n 
A 
I 
N 

R 
0 
a 
R 

P a 
)1 
E 
R 

R 
A 
T 
1 1  
0 

1. 

1. 

1. 

1. 

1. 

0 .  

0.0015 0.0oas 0.0095 o.oous 0 . 0 0 5 5  0 .0065  

MAIN noion THRUST COEFFICIENT 

aWER R A T I O  - CP r I N f E R A C T I O N 1  / C P  [ I S O L R T E D I  
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MAIN ROTOR POWER REQUIRED 
RUN 091 CONFIGURATION IlSTFl8 

P 
0 
W 
E 
R 

C 
0 
E 
F 
F 
I 
C 
I 
E 
N 
f 

7 1 - 7 . -  . . , . . .  ~ - _ . .  . I  

0.0015 0 - 0025 0 .0035  0. OOYS O.OO5S 0.0065 

THRUST COEFFICIENT 

A A A I S C L A T E O  ------- ICGEHC: RODE 0 0 0 INTERACTION - 
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-~ 

MAIN ROTOR POWER RATIO- 
RUN 091 CONFIGURATION I I ~ T F I E I  

n 
A 
I 
N 

R 
0 
1 
a 
R 
P 
0 
Y 
E 
R 

R 
A 
1 
I 
a 

1. 

1. 

1. 

1. 

1. 

0.  
I 

0 .0065  0.0015 0 .  O Q t S  0.0035 0.oous 0 .  ooss 
W I N  ROTOR THRUST COEFFICIENT 

OWER R A T i d  I CP CINTERACTIONI / C P  ( I S O L F I T E D I  
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- 

P 
0 
Y 
E 
R 

C 
0 
E 
F 
F 
1 
C 
I 
E 
N r 

bl,AI,V XOTOR TOTIVEX REQYIRED 
RUN 092 C O N F t G U A R T I O N  i 6 l F I d  

0 .  

0 -  

0 .  

0 .  

0 .  

0 .  I . . . . . .  - . . . . . . . . .  
0.001s 0 . 0 0 2 s  0 . 0 0 3 5  0 .  004s 0 , 0 0 5 5  0.0065 

THRUST COEFFICIENT 

0 0 0 INTERRCTION o o A i S O L A T E D  - LEGEND: MOO€ 
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MAIN ROTOR POWER REQUIRED 
RUN 093 CONFIGURATION IlSTF36 

P a 
W 
E 

C 

E 
F 
F 
1 
C 
I 
E 
N 
T 

n 

a 

0.0015 0.0025 0 .0035  0.00Y5 0.0055 0.0065 

THRUST COEFFICIENT 
A A & ISaLA'TED .------ 0 0 0 INTERACTION - LEGENO: MODE 
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n 
H 
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P 
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Y 
E 
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A 

f 
I 
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9 

a 

MAIN ROTOR POWER RATIO 
RUN 093 C O N F I G U R A T I O N  I l 6 T F 3 9  

1. 

1. 

1. 

!. 

1. 

0.  . . . .  

0 . O O L S  0.0025 0 .0035 0 .  oovs O.OOSS O . O O 6 5  

H A I N  ROTOR THRUST C O E F F I C I E N T  

- OMER P W f I O  - CP ( I N T E R A C T I O N 1  / CP I I S O L A T E O I  
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MAIN ROTOR POWER REQUIRED 
RUN 095 CONFIGURATION 119lF3S 

P 
0 
Y E 
C 
0 
E 
F 
F 
I 
C 
I 
E 
N 
T 

0.0015 0.0025 0*0015 0.0045 0.0055 0.0065 

THRUST COEfFICIENr 
A A A ISOLATED 
.---e 

0 0 0 INTERRCTION - LEGEND: MODE 
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MAIN ROTOR POWER RATIO 
RUN 095 CONF I GURRT I ON I 19TF39 

n 
R 
I 
N 

R 
0 
T 
0 
R 

P 
0 
w 
E 
R 

R 
R r 
I 
0 

M A I N  ROTOR THRUST COEFFICIENT 

UWER R Q T I O  = CP (INTERACTIONI / CP ( ISOLATE01  
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MAIN ROTOR POWER REQUIRED 
RUN 096 CONFIGUARTION 17TF39 

P 
0 
U 

C n 
E 
F 
F 
f 
C 
I 
E 
N 
f 

0.0015 0. QOt5 0 . 0 0 3 5  0. 0QUS 0.0055 0.0055 
THRUST COEFFXCIENT 

------- A A A ISOLATED 0 0 0 INTERRCTION - LEGEND# MODE 
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MAIN ROTOR POWER RATIO 
RUN 096 CONFIGURATION I7TF39 

n 
A 
I 
N 

R 

0 
R 

P 
0 
W 
E 
R 

R 
A 

I 
O 

0 

r 

1. 

1. 

1. 

1. 

1. 

0.  

0 . 0 0 5 5  0 . 0 0 E S  0.0015 0 . 0 0 2 s  0 .0035 0 .  oous 
M A I N  ROTOR THRUST COEFFICIENT 

OWER R A T I O  - CP (INTERACTIdNl / C P  ~ISOLATEOI 

C-56 



MAIN ROTOR POWER REQUIRED 
RUN 097 CONFIGURATION IJTF39 

P 
0 
N 
A 
C 
0 
E 
F 
F 
I 
C 
I 
E 
N 
1 

0. 

0 .  

0. 

0 .  

0 .  

0 .  , . . . .  . . , . . . . . . . . .  

0.0015 0.0025 0 .0035  0 .  OOYS 0 .0055  0.0065 

THRUST C O E F F I C I E N T  

A A A ISOLATED .------ 0 0 0 INTERACTION - LEGENO: MODE 
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n 
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P 
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w 
E 
R 

R 
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T 
I 
0 

P 

MAIN ROTOR POWER RATIO 
RUN 097 CONFIGURATION f3TF39 

1. 

1. 

1. 

1 .  

1. 

. . . . .  
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I MAIN ROTOR POWER RATIO 
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MAIN ROTOR POWER RATIO 
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MAIN ROTOR POWER RATIO 
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MAIN ROTOR POWER REQUIRED 
RUN 107 CONFIGURATION IlSTFl8 
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APPENDIX D 

ACOUSTIC ANALYSIS OF ISOLATED ROTOR BASELINE 

This appendix examines the isolated main rotor and tail 
rotor baselines and discusses the effects of the physical 
environment on the results. Particular items of interest 
are the effects of the presence of the vertical fin and the 
effects of the test building on noise, both of which can 
change the amplitude and distribution of acoustic energy 
generated by the rotors. 

Isolated Main Rotor 

Figure D-1 shows the effects of thrust variation on 
isolated main rotor noise. An increase in noise with thrust 
of approximately 5 dB over the thrust range 300 to 1000 
newtons is seen in all three indicators (DBA, fundamental 
harmonic, and the broadband peak). The increase in noise 
level with thrust is reasonably linear, since the rotor was 
always operating below stall. Figures E-3 through E-7 
(Appendix E) contain the data plots for the isolated main 
rotor thrust sweep at microphone 4. 

Under ideal conditions, the same noise level will be 
produced in the plane of the rotor at all azimuths. 8- check 
of the test rotor is shown in figure D-2. This shows the 
DBA and broadband peak levels to be relatively uniform, 
although the fundamental harmonic has slightly more scatcer. 
This scatter is believed due to reverberation effects of the 
whirl cage enclosure. Figures E-8 through E-12 (Appendix F) 
show data for a constant thrust level for microphones 1, 2, 
3 ,  5, and 6. 

Since all tests were run at constant tipspeed and the 
ambient temperature varied significantly during the test, 
the tip mach number also varied. This initially caused 
concern when comparing data from different days. However, 
Figure 0-3 shows that the variation appeared to have minimal 
effect on the noise. The DBA level increased approximately 
0.7 dB between the hottest day and the coldest day. The 
fundamental harmonic varied up to 2.6 dB; however, it is of 
lesser significance at scaled frequencies. 
changes were not expected in the hover condition, since the 
highest i i~ Mach iiilnber achieved of 0.66 was below the Ze- 
localization Mach number for the FX-083 airfoii. 

Significant 

The isolated main rotor cases were run with the non- 
rotating tail rotor and the fin in place. This appeared to 
have no effect on the majority of main rotor acoustic data. 
One exception occurred when the tail rotor and fin were 
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located at grid point 1 
this location, both the 
the broadband component 
levels while the hisher 

mAL ?Am w 
@ - OUALnV 

in the pusher configuration. At 
main rotor fundamental harmonic and 
increased 2-5 dB for all thrust 
harmonics are relatively unaffected. 

This increase is bei’ieved to have been caused b; the close 
proximity of the fin to the main rotor tip. 

Isolated Tail Rotor 

The isolated tail rotor cases included both pusher and 
tractor configurations and test for the effects of fin 
blockage. Fin effect tests included the baseline fin-off 
and fin-installed runs with both 18% and 39% blockage. A 
canted fin run was also made to simulate a canted tail 
rotor. 

Figure D-4 summarizes the effects of thrust on isolated 
tail rotor harmonic noise, with and without a fin. Fecause 
of the large data scatter, a logarithmic average of the 
first four harmonics (2 ,  4, 6 and 8/rev) has been plotted. 
Harmonics above 8/rev quickly drop off in amplitude and so 
do not contribute significantly to the total energy. This 
plot shows a moderate increase in noise with thrust level, 
an average increase of 8 dB over the entire thrust range, 
which is similar to that for the main rotor. 

The presence of a fin increase tail rotor noise by 4 to 
5 dB. This is mainly due to a large increase in the amplitude 
of the 4/rev component when the fin is added. An examination 
of test data showed that in the case with no fin, the 2/rev 
component either dominates the spectrum or is equal in 
amplitude to the 4/rev component. In the cases with fin 
blockage, most of the harmonics match the no-fin cases. The 
4/rev harmonic, though increases approximately 8-10 dB. 

The test data also showed no discernible effects between 
different fin blockages, nor any effect due to canting the 
fin relative to the tail rotor. 

Figure D-5 summarizes the thrust level effect on isolated 
tail rotor broadband noise. Here a dramatic change appears 
when the tail rotor enters stall at approximately 45 newtons 
of thrust. Above stall, broadband noise increases at a rate 
of approximately 1.2 dB per newton of thrust, compared to 
approximate1.y 0.1- ?S p r  newton of thrast be l s4  stall. 
Mixed results are seen for the no-fin and fin-on cases. 
Below stall, the trend is similar to that of the tail rotor 
harmonic noise, where fin blockage increased noise by 4dB 
above the no-fin case. Fin blockage in the pusher mode 
continues this trend above stall. However, the run in 
tractor mode stays significantly below the other runs by as 
much as 8dB. Figures E-13 through E-20 (appendix E) show an 
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example isolated t a i l  r o t o r  t h r u s t  sweep for  t h e  t ractor  
c o n f i g u r a t i o n  w i t h  f i n  i n s t a l l e d  f o r  microphone 4 .  

The d i r e c t i v i t y  of i s o l a t e d  t a i l  r o t o r  i s  shown i n  
F i g u r e  D-6. There is a s l i g h t  i n c r e a s e  of 2-3 d B  i n  t h e  
harmonic n o i s e  a t  t h e  135 d e g r e e  (microphone 3) and t h e  225 
d e g r e e  (microphone 5) l o c a t i o n s .  The i n c r e a s e  i n  n o i s e  a t  
t h e  0 d e g r e e  (microphone 1) l o c a t i o n  i s  probably  due t o  t h e  
e f f e c t  of t h e  w h i r l  cage ,  as  was t h e  main rotor n o i s e  level 
a t  t h i s  l o c a t i o n .  The effect of the f i n  adding  2 t o  4 d B  t o  
t h e  lower harmonics i s  g e n e r a l l y  t r u e  a t  a l l  l o c a t i o n s ,  
e x c e p t  f o r  t h e  270 degree l o c a t i o n .  The p resence  of t h e  f i n  
appeared t o  have no  e f f e c t  on broadband n o i s e  a t  t h i s  t h r u s t  
l e v e l  (62 newtons).  F i g u r e s  E-21 t h rough  E-25 (appendix E) 
show data  f o r  t h e  same t h r u s t  l e v e l  for  microphones 1, 2, 3 ,  
5 and 6 f o r  t h e  t a i l  r o t o r .  
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APPENDIX E 

ACOUSTICS PLOTS 

Narrowband acous t f  3s a n a l y s e s  c 7 n o i s e  gene ra t ed  by t h e  
model a re  p resen ted  i n  g r a p h i c a l  form i n  t h i s  appendix.  
P l o t s  are p r e s e n t e d  f o r  selected tes t  r u n s  as shown i n  Table 
E-I. T i m e  h i s t o r y  p l o t s  are inc luded  f o r  t h e  s i n g l e  r o t o r  
cases. I n  most cases, r e s u l t s  are p l o t t e d  f o r  v a r i o u s  r o t o r  
t h r u s t  l e v e l s  a t  a g iven  azimuth ( i .e. ,  microphone 4 shown 
i n  F i g u r e  A-5)  a long  w i t h  r e s u l t s  for v a r i o u s  azimuths a t  a 
g iven  r o t o r  t h r u s t  o r  t r i m  p o i n t .  Microphone l o c a t i o n  
numbers are d e s c r i b e d  i n  F i g u r e  A-5. The test  run  conr ' igura- 
t i o n  code i s  exp la ined  i n  F i g u r e  A-9 and t a i l  r o t o r  l o c a t i o n s  
are  shown i n  F i g u r e  A-10. 



TABLE E-I. SUMMARY OF ACOUSTICS PLOTS 

CONFIGURATION 
(See Fig. A-9)  

I2PF18 
'I" 6TF39 
IlPF18 
I l T F 1 8  
114PFlt 
114TF18 
I2PF18 
117PFl8 
I17PF39 
I17TF18 
I3PF39 
13TF39 
118TF39 
I4PF39 
I4TF39 
I5PF18 
I7TF39 
I8PF34 
I8TF39 

~~ 

OPERATING MODE PAGE 

E-3 t h r i  E-12 
E-13 t h r u  E-25 
E-26 t h r u  E-33 
E-34 t h r u  E-43 
E-44 thrcr €047 
P-48 t h r u  E-51 
E-52 t h r u  r-55 
E-56 
F-57 
E-58 ' 

I'-54 t h r u  F-62 
€2-63 t h r u  E-66 
E-67 
E-68 t h r u  C-76 
E-77 t h r u  €2-20 
E-81 
E-82 t h r u  E-84 
F-85 thru F-38 
E-89 t h r u  F-93 

I so la ted  Main Rotor 
T a i l  r a t o r / f i n  
Ma'n r o t o r / t a i l  r o t o r / f i n  
Na.i TI ro to r / t a i l  r o t o r / f i n  
13ain r o t o r / t a i l  r o t o r / f i n  
Main ro to r / t a i l  r o t o r / f i n  
Main r o t o r / t a i l  r o t o r / f i n  
Main r o t o r / t a i l  r o t o r / f i n  
Main r o t o r / t a i l  r o t o r / f i n  
Main r o t o r / t a i l  r o t o r / f i n  
Main r o t o r / t a i l  rd to- / f in  
Main ro',or/tail ro tor / f  i n  
Main ro to r / t a i l  r o t o r / f i n  
Mair: ro to r / t a i l  r o t o r / f i n  
Main r o t o r / t a i l  r o t o r / f i n  
Main r o t o r / t a i l  rotor/, ' in 
Ma!n ro to r , / t a i l  r o t o r / f i n  
Main r o t o r / t a i l  ro tor / f  i n  
Main r o t o r / t a i l  r o t o r / f i n  
Main r o t o r / t a i l  r o t o r / f i n  

I 1 

rEST RUN 
NUMBER 

084 
094 
074 
1 0 9  
07 6 
1 0 6  
084 
079 
C " 1  
1 0 4  
055 
097 
099 
067 
1 0 0  
0 4 2  
096 
064 
1 0 1  
040  ! E-94 1 I9PF18 

E-2 



F'REQULNCY (HZ1 

8 )  Narrowb8nd Analysis 

6. DO0 

0.000 

-8.000 

. . .  ......I-.. I . - . - I  1.J.14-7 . . . . . . . .  . ,.-.I--.-! 1. {:I.{ t: ......... I L. ......... ......... 1 1  .-.... 1 .... 1 .... I : I  .1:;:.1. 

i ... 

00 2000 5000 to 100 

0.000 0.006 0.012 0.018 
T :ME SECONDS) 

b )  Tim. H i s t o r y  

0. ozu 0.030 0.035 

RUN 6U CONF I2PF18 HR THRUST 341 N HIKE U 

E-3 



w 
3 tn 
v) 
w 
pc 
0 

a 

0 z 
7 
Ei 
U) 

z 

11 Marrowband Analysis 

L - .-..- - - - . . .. . . . 

00 2oao so00 10000 

12.00 

6.000 

0.000 

-6.000 

- ! a ' n @  
0.000 O.U!!E 0.01 2 0.018 0. czr 0.03c) 0.036 

T I  M E  ISECONOS) 

b )  Tlme History 

RUN 84 CONF tPPF18 Nfi THRUST 551 N MIKE Y 

E-4 



0 

d 
-. 

0 

8 

0 

0 
IC 

0 

m d 

0 

0 
(3 

. 
1 

-PAGEIS 
oa: QOOR QUALW 

20 50 LOO 200 so0 1000 2000 so00 10000 
FREQUENCY UIZI 

8 )  Narrowband Analysts 

W 

1 
v) rn 
W 

0 

a 

a 

0 z 
? 

.C.YY 

6.000 

0.000 

-6. 000 

-12.00 
Y. 0.000 0.006 3.0:2 3.018 O.O?U 

T I M E  (SECONDS1 

b )  Time H i s t o r y  

0.930 0.036 

RUN 84 CONF 12PF18 HR THRUST 780 N Y I K E  4 

E-5 



n 
L 
1 
0 

w e 
3 
v) 
Q) 
W 
pc 
Q 

f 
I 

.. 
I 
i 

q.:. ---I... ........ t-..:t.-t:t: -.. ..... i . . . . . . . . I . . . .  t 1 +.1.+f: 
._ .  . ::::.:.::.:I ::::I:: ~:*.-:.r.'-Lt*LI -......- ... .I .-.....I __. .I. .:I :.r: i.:r 11. .......... .' ........... 

....... .... 

100 200 500 1000 2000 
f AEWENCY tHZl 

a )  Narrowband Analysis 

so00 l a  

12.00 

s. 000 

0. wo 

-6.000 

-12.30 

0. ODfi 0.012 0.018 0.024 0.030 n. n w  J.000 

TIME (SECONOS) 

b )  Tfmo H f r t o r y  

I00 

RUN 84 CONF 12PF18 HR THRUST 869 N MIKE Y 

E-6 



w 
pt 
3 
v) 
v) 
w c 
LL 

c, 
2 
3 
0 
cn 

0 

d 
L. - 

. 
0 
Q) 

s 

0 
0 
r! 

. . . . . I  . . 
.... 1 . .  _.. 

. . . . . . - 
. . I  . 

20 so 100 200 5 io 1000 zoo0 sooa 10000 

FREQUENCY (HZI 

8 )  N8rrowb8nd Analysis 

12.00 

6.000 

0.000 

-B. 000 

-!2.QO 
0.000 0.906 b. 012 0.018 0.024 0.030 0.036 

T I t lE  ISECONOS) 

b )  Tima H i s t o r y  

RUN 84 CONF 12PF18 HR THRUST 1008 N HIKE 4 

E-7 



ORlGlNAL PAGE 1s 
oFPooRQuAufy 

i 

0 
0 

0 

0 
IC 

0 

0 
c) 

0 

1 

+. :.:. 
~ . . . . . . . .  
"+-:.: ~ .--?---.;.: . .i.+.. ----7. 

. . . . . . .  
.+A_+ ' .  i- . . . . . . . . .  - ... .  -f'm . . .  _._:., . .  *&;. . .  :.: 

-4% :. : t  . 
: i.4 

1 20 

. .  . . . . . . .  
, i  i I .  i . : .  

t * , ; :  r ? :  i 
, : : : . . . : :  . . .  

IO 200 
. 

$ . .  .:., 
:._ '. . . . .  . . . . . .  ..... . . . . .  

.... :..i .... :.. 

........ . . . . . .  ....... . . . . . .  ...... . . . .  

.::: ? I : :  
I .  :. . .  

: i : :  :::: 

S 10 1000 2000 so00 la 

10.00 

12.00 

6.OOO 

0.000 

-8.000 

-12.00 
0.012 U.(rl!¶ 

TIHE ISECONDS) 

b )  Time Hlstory 

0. OZY 0.090 U. 036 

RUN 84 CONF 12PF18 MFI THRUST 760 N HfKE 1 

E-8 



0 
- 2  
3 
0 cn 

A 
u 
v) 

a 

a 
5 
W 

3 
v) 
v) 
W 

0. 

a 

a 

- 
c. 

0 

0' 
Q) 

0 

P' 

0 

0' 
ul 

0 

0 m 
11 so0 ir 

f AEQUENCY tH2) 

a )  Narrowband Analytlr 

00 2000 so00 10000 

0 z 
3 
0 

12.00 

6.000 

0.000 

-6.000 

-12.00 
v) 0.000 0.018 0.024 0.030 0.036 

T I f lE (SECCINDS) 

b )  Tlme H l s t o r y  

RUN 84 CONF I2PF18 MR THRUST 760 N HIKE 2 

E-9 



CRiGtNAL PAGE IS 
OF POOR QUALm 

8) W8rrowband An8lystt 

W 
Lt 
3 
v) 
tn 
w 
L 
a 

n 

IS. 00 

6.000 

0.000 

-6.000 
I ' . ! I  

I ... I . - - J  
cn 0. noo 0.OD6 0.01 2 0 .  O! 8 0.024 

T IME (SECONDS1 

b )  Tlme Hlrtory 

RUN 64 CaNF 12PF18 ffR THRUST 780 N M I K E  3 

E-10 



ORIGINAL PAGE 13 
#K)R Q ' ! S ! . V  

5000 10000 
FREQUENCY Ut21 

a )  Narrowband Analysis 

0 
ti¶ a 
9 
w 
3 
in 
in 
W 

Q. 

a 

a 
&1 c 
3 
0 
Jl 

12.00 

6.000 

0. OGO 

-6.003 

-12.00 
0.000 r). 006 0. G12 3.018 c. GZU 0.030 0.335 

T 1i'tt.i (SECONDS) 

b )  T lme H i s t o r y  

RUN BY CaNF I2PFi8 NR THRUJT 780 N HIKE 5 

E-11 



ORIGINAL PAGE IS 
OF POOR QUALITY 

FREQUENCY tHtl 

a )  Narrowband Analysts 

w c 
3 
u) 
tn 
w 
e a 

12.00 

8.000 

0.000 

-6.000 

-12.22 
0.000 0.006 0.012 0.018 0. ozu 0.030 0.036 

T I M E  (SECONDS) 

b )  ffme H i s t o r y  

RUN 84 CONF I2PFl6 HR fHRUST 780 N MIKE 6 

E-12 



0 

d 
r( - 
a 
a 
41 

a 
a 
P 

a 
a m 00 

FAEQUENCT tH2) 

8 )  Narrowband Analysis 

-. 

w ac 
1 m 
v) 
w a 
Q 

0 

6.000 

0.000 

-6.000 

-12.00 
0.000 z 

0 cn 
a 0.002 0. OOY 0.006 0.001 

T I  ME (SECONDS) 

b )  Time Htrtory 

0.010 0.012 

RUN 94 CdNF Tl6TF38 fR THRUST 0 N MIKE Y 

E-13 



ORlQlNAL PAGE IS 
OF POOR QUALITY 

w e 
3 
VI 
VI 
Y 
Q 
& 

n 
L 
3 

E: 

6.000 

0.000 

-6.000 

. 
00 

FREQUENCY [HZ1 

8) N8rrowb8nd An8lyrir 

0.000 0.002 0. OOY 0. OOB . .  0 

3 
0 tn 
2 ?!!?E !SECE?!SS! 

b) Tim. H i s t o r y  

0.001 0.010 0.012 

RUN 9U CONf T18TF39 TR fHRU31 17 N HIKE 4 

E-14 



ORIQINAL PAGE IS 
OF POOR QUALm 

W 

3 
v) 
v) 
w 
Q= 
L 

a 

1 

0 

0 
II 
CI 

0 
0 
QI 

0 

0 
(c 

0 

UI 
d 

0 

m 0 

-....- - ......... -.- . . . . L .  ....... ........ ..: .... ./ .:: .i.. 1.q '! 
"I. - - ._  ... . . . .  ....I . ... , ... - 1 .  , .  

. .  . . . . . . . .  . m .  

. . .  . . . I .  

. . . . . . . . . .  

.. 
I 20 so 100 200 so0 1000 2400 so00 S'? 

8.000 

0.000 

-6.000 

-12.00 

FREQUENCY lttZl 

8 )  N8rrowbrnd Analysis 

s 0.000 
0 m 

0.002 0.004 0.008 0.008 0.010 0.012 
TIFIE (SECONDS) 

b )  Time H is tory  

RUA QU CONf Tl6TF39 TR THRUST 35 N HSKE U 

E-15 



m 
0 

-1 
w 

-1 

W a 
3 
M 
M 
w 
0 

- 
z 

a 

0 

. 
c 
i- 

ci m 

0 

0 
0 

1 

. . : .  . 1 . . . : . 1  .-.:.i b - .  .......... . . . . . . . . . . .  , .. 
--. .......... , . . I . ,  ................ -...... . .  ..,-. 4- . ... , ......... 1 .... . . . . . .  I __._ I . .  . . .  ........ ! ......... .! .. i ..I -: .+ ........ .1 . -. 1 
....... .--. 1 ,.- .! 

0 20 50 100 200 

::i.i. , .-_... ... ; ... - 
, .i:jl.- . -.- L. . .L. . .  . ,. + 

- 
I I ...... .--. ........ p.7 -1- ...... -I .... - 

. . .  -.. ......... -.- .*--.-.*.-) -. - .-a. . .-- .. - L.,..d.-.. ... 1 . I . , . . :  I--. ..... I - - -  . 
I 1 1  I -  

FREQUE 

8.000 

0.000 

-8.000 

-12.00 

81  N8rrowb8nd An8lyrlr 

0.000 0. ooz 0. wu 0.006 
T I M E  G i C B N D S !  

0.OOb 0.010 0.012 

RUN 9Y CaNP Tl6tF39 TR THRUST UY N HtKE Y 

E-16 



I so 100 200 so0 iaoo 2000 sa00 10000 
FREQUENCY (HZl 

a) Narrowband Analysis 

6.000 

0.000 

-9.000 

-12.00 
0.000 0.002 0. oov 0.006 

1 IME ISECONCSI 

b )  TIma ! - t o r y  

0.008 0.010 0.012 

RUN BY CONF 1161F39 TR fHRU3T 53 N ntwE y 

E-17 



ORIQINAL PAGE IS 
OF POOR QUALITY 

0 

d 
CI 

c. 

0 

8 

0 

0 
P 

0 

u) 
d 

fREQUENCY (HZl 

a) Narrowband Analysls 

1 4 12.00 
a 

& 

u rn 
a 6.000 

w 

r n '  rn 
w 

5 0.000 

E -8.000 

2 -12.30 

0 
L 
- _  
v) 0.000 0.002 0. oou 0.006 

T I N E  [SECONOS) 

b )  Tlme H i s t o r y  

0.008 0.010 0.012 

RUN 94 CaNF T16TF39 fR 1HAUSf 62 N HIKE 4 

E-18 



O R m M  PAGE Is 
Of POOR QUALm 

FfKQUENCY (HZ1 

8) hrrowband An8lyslr  

b )  tfrna History 



c. 
m 
c) 

cl 

- 
W 
-I 

W 

3 m m 
W 

a 

a 

0 
I: 
2 
0 
u) 

:I 

so 

W 
pt e 

0.000 

8 )  Narrowband An8lyslr 

0.002 0. OOY 0.006 0. ooe 
T I  ME (SECONOSI 

b) flme History 

0.010 

RUN 9 V  CONF Tl61F39 Tfl 1tIRUSt 79 N HIKE Y 

E-20 



* 

0 

d - 
-. 

0 

0 
Q) 

0 

0 
IC 

0 

0 
m 

0 

0 
. 

@! 

. . .  ..., - ! . . : .  1 . : .  . . . . . .  I . . I  .... I . I . : -  . . . . . . . . . . . . .  
. , _ ' _  1 A. ~ 

. . .  . .  , . .  -. I '  . . .  ? i :  

. . . . . . .  . . I : : ' .  . . . . .  ., ! : 
. .  

I 20 so 

c t'.". * ..Y 

roo 200 so0 1000 2000 5000 LOO00 
FREQUENCY lHZl 

a )  Narrowband Analysfs 

- A 12.00 
a 

a 6.000 & 

0 
u) 

w 

u) 
u) 
w 
E -6.000 

0 r 

Ln 

5 0.000 

2 -12.00 
P O  0. coo G. 002 0.0011 0.00s 0.006 3.3:c Y. "12 

T IHE (SECONDS1 

b )  Time History 

RUN 9U CONf T16TF39 TR THRUST 62 N HIKE 1 

E-21 



ORIQINAL: PAGE IS 
OF POOR Ql!''.TY 

so0 1000 2000 so00 LOO00 
FREQUENCY [HZl 

8 )  Narrowband Analysts 

-I 

u cn 
a 

a 
5 

6.000 

0.000 

-6.000 

-12.00 
3 0.000 0.002 F. JOY 0.006 0.008 0.010 0.012 

m in T i ~ E  ISECGNZS) 

b )  time Hlstory 

RUN 94 CaNF TL6TF39 TR THRUST 62 N M I R E  2 

E-22 



c. 
-I 

0 
u) 

a 

a 
a;: 
w 
pt 
3 
m tn 
w 
LL 
a 
0 

12.00 

6.000 

0.000 

a) Narrowband Analytls 

-6.000 
a. 000 z 

3 
0 
v) 

0.062 0. OCY 0.2!!6 o. oee 
T I M E  ISECONOSI 

b )  ltme H I s t o r y  

0.010 0.012 

flUN 9Y CdNf TlBTF39 TR THRUST 62 N MlKF 3 

E-23 



0 

d 

0 

0 m 

0 

0 e 

0 

In d 

100 200 so0 1000 2000 so00 too00 
FREQUENCY (HZ1 

I )  Narrowband Analysts 

a 
5 

a W 

3 
v) 
U J  
W 
F 

6.000 

0. 000 

-6.000 
LL - - - - -  

0.000 0.002 0. MI4 0.006 0.008 

T I l l €  lSECONOSl n 
a I 
Q cn 

0.010 0.012 



ORIGINAL PAGE ts 
~ Q o o c I -  

m 
0 

500 1000 2000 so00 10000 

w 

cn cn 
5 0.000 

W 
E -6.000 

0 
I 2 -12.00 
cn. 0, 

FREQUENCY (HZl * 

a )  Narrowband Ana lys ls  

I uuu 0.002 0.004 II.llU6 0 .  uuu u.010 0.012 
T I M E  (SECONDS) 

b )  lime H i s t o r y  

RUN 9U CONF Tt6tF39 TR THAUST.62 N M I K E  6 

E-25 



PAGE IS 
QUALlTV 

O'Obt 0 *oa 

E-2 6 

0 -09 O'bh 



0 
0 

L 
2 
0 u 

0 'Ob t 0 '08 

E-27 

0 '09 O'Oh 0 oz- 



c. 
m 
0 

-I 
w 

Y 

8 

0 '00  t 

9 

w 
Y 

S 
Y 

IL z 
0 
U 

z 
3 e 

0 -09 

E-28 



E 

c 
v) w c 

W 
Y 

L 
Y 

r 
f- 

L 
a 

E-29 



0 ' 0 0  I 0 '08 0 *os 

c 

In 
r- 
r- 

0 'Oh 

E-30 



c. 

m 
0 

A 
W > 
W 
A 

W 

3 
v, 
v, 
W 

II 

z 
3 
Q 
v) 

Y 

a 

a 

a 

0 
0 

I) 

w 
Y 

S 
L 

0 
nl 

0 

2 

c 
E 

L z 
0 u 

9 
r- 
z 
e a 

o*oi t o *ab 0 *Os 0 .os O’ilh 0 ‘oz- 

E- 1 



e 
v, 
Lrl c 

7: 

f 

Y 

a 

E-32 



8 

W 

0 *oi t 0 -00 I 

E-33 

O'bh 0 *oz- 



CI 

a3 
0 

-I 
W > 
W 
-I 

W 

7 
v) 
v, 
W 

Q. 

0 z 
7 
D 
v) 

Y 

a 

a 

0 
0 
0 
0 
(u 

0 
0 
0 
0 
d 

0 
0 
0 
v, 

0 
0 z z  

25 

E * 
o v  
0 2  

o w c 
IL 

0 
0 
v, 

0 
0 
(u 

0 
0 
-4 

0 
v) 

0 
(u 

0 

w 
Y 

r 
0 

2 

(D n, 
Q= c 

W -. 
t 
0 

Y 

0 -02 t o*oor 0 -0s 0 *os 

E-34 

O*Ob 0 '02- 



8 

c 
m 
0 

J 
w > 
LJ 
-I 

w 
s 
v) 
v) 
w 
0 

0 z 
3 
W 
v, 

Y 

a 

a Q 
e 

t 
e 
Y 

Ir. 
t 
0 u 

0) 
0 

z 
d 

a a 

0 -08 0 *os 0 *on 



8 

CI m 
0 

J 
w 

Y 

w 
A 
w 
3 
m 
m 
w 

a 

a 

2 

Q 
ID 
e c 

2 

0 
rn 

z 
3 e 

0.00 t 0 *08 a *Os O'Oh 0 OZ- 

33-36 



c. 

m 
0 
Y 

w 
Q. 
a 

m 
v) 
2- 

L 

i a 
2 
0 

c z 
U 
m 

N 
I 
c 
= 8 

c 
m w 
8- 

b 
u 

w c z 

a a 

4 

a 

a 
0 
I- 
0 

a 

a 

0 + 
0 

2 
Y 

a 
T. 

6 

c. 
N 
5 

P 

B 
U 
X 

z 
m 
f- 

z 
m 
CI 
(D 

L r 

(D 

E P I  

H 

B d 

0 -08 0 *os 

E-37 



0 
0 

0 
0 

0 
(u 

a 

0 
0 
0 
0 
6 

0 
0 
0 
UI 

0 
0 

:;3 

% 

E * 
O U  
02  

Q w 
1L 
a 

0 
0 
v) 

0 
0 
cy 

0 
0 
d 

0 
v) 

0 
N 

0 

3 
U 
Y 
m 
S 

2 

n cc 
P= c 

2 
I) 
0 
0 
.I. 

0 
d 

t 
r )  
Y 

Ir, z 
0 
U 

0 3  
0 
d 

0 *Oi t 0 *ob 1 

WAC PAGE IS 
'OOR QUALfTY 

0 *os O'bh 0 * o r  

E-38 



m 
0 

A 
w > 
W 
A 

w 
3 
v, 
v, 
W a 
Q 

0 z 
3 
0 
v, 

Y 

a 

i 

. .  

d 

Y 
c.) 

E 

z 
0 
cc) 

c c 

2 

0 
Q 
CI 

r 
S 

a 
4 

IL 
t 
n 
L. 

Q'OZ t 0'00 t 0 '08  0 '09 0 *oz- 

E-39 



W 
W 

W 

(L 
I- 

4 

C 
Y 

m 
0 

z a a 

E-40 



c 
m 
0 

J 
W 
w 
w 
-J 

W 

3 
m 
m 
W 

Q 

0 z 
3 
0 
m 

W 

a 

a 

0 
0 

0 ' 0 1  

(3 

2 

W 
W 

c c 

0 
!E 
c r 

2 
P 
d 
Y 

OI 
0 
d 

O'OZI O ' O O t  0 '08 0 '09 
0 'Oz- 

E-41 ORIOINAC 
OF POOR QUALV 



0 
<u 

0 

W 
d 

t 
U 
Y 

0 *oi t 0 -00 t 0 *oa 0 '09 

E-4 2 



CI 

m 
n 
Y 

J 
W > 
W 
-I 

W 

3 
(n 
(n 
w 
0. 

0 z 
3 
0 bn 

a 

a 

0 
0 

0 ‘08 0 *09 

W 
w 
Y 
m r 

z 
W 
(D 

c c 

z 
0 

P 
a 
L 

L z 
0 u 

0 3  
0 

I 
e 

d 

a 

O‘OO’t 0 ’ 0 8  0 *cR- 

E-43 



0 
0 

w 
Y 

re: 
cI1 

W 
N 
ln 
e x 

I I I 1 1 I I L O  
0 '021 O ' O O t  0 '08 0 '09 O'Oh 0 * o r  

E-44 



c 
Q) w c 

0 'I 

U 
Y 

S 
M 

z 
0 3  
@l 

L c 

L z m 
V 



a 
m 
E 
-I 
w 

0 
0 

0‘01 

s 
U 
Y 

t 
Y 

2 

cy 
n 

c x 

L 
2 
0 u 

W 
IC 

1-02 t 0.00 t 0 -08 0 *os 

E-46 

0 ‘oz- 



0 

0 *oit 0-00 t 0 -08 0 *os 

E-47 

O-bh 0 ‘02- 



3 
0 

0 cu 
c c 

c 
E 

s 
L c s 
d 
Y 

z 
E 
a 

0 'Oi t 

E-4 8 

0 *os 0 =oa 0 002- 



0 -0s 0 *os 

E-49 

O‘bh 



o-oa 

E- - 

0 -0s o*oz- 



I- 
Q) w c 

2 

E 

U 

a 

O ' C  

0 
0 

E-5 1 



ORIGINAL PAGE IS 

0 -08 0 -09 O'bh 0 '02- 

E-52 



of POOR QUAL+ 8 

0 

j ,  

w 
Y 

t 
U 

fn 
In 

E 
a 

a=ob t O'bh 0 *OZ- 



ORIGINAL PAdL 1s 
OF POOR QUALrrV 

0 cu 

0 *os O'bh 0 * o r  

E-54 



ii -~ 

0 
I 
7 a cn 

PAGE 1s 
OF POOR QuALm 

0 
0 
0 
0 
v, 

0 

0 cu 
s 

0 
0 
0 
0 
4 

0 
0 
0 
v )  

0 
0 
0 
ru 

0 
0 
0 
d 

0 
0 
ln 

0 
0 
(u 

0 
0 
d 

0 
v) 

0 a! 

2 

(D 
c. 

e c 

2 

Q, fn 
Q 

ID 
d 

L a. 
N - 
Y 

L z 
0 
U 

z 
c a 

0 'OZ c 0'00 f 0 '08 0 '09 O'bh 0 ' o r  

E-55 



s 
w 
Y 

S 
Y 

h 
-. 
Y 

4 
2 
0 

z 
e a 

0 -09 

E-56 



8 

* 
w 
Y 

L 
Y 

8 
I- 

O'OZlf  ogoOt 0 ' 08  0'09 

E-S7 

O'Oh 0 'oz- 



0 ‘02 f o*oo c 

w 
Y 

S 
u 

2 a a 

O’OZ” 

E-58 



U 
Y 

L 
Y 

2 

N 

c c 

m 

c 
S 

2 

c a 

0 *okt 0.00 c 0 *08 0 -09 

E-5 9 

ODOh 0 ‘02- 



U . . . . . . . . . . .  . . .  ~ . * . -  . . . . . . . . . . . . . . . . . . .  . . . . . .  "- . e...-. ..... .. . . . . .  . .  . !.- r - - : T T ; - ; .  . - . a -  . . . . . . . . . . . . .  ....- I : : I :  : - : ;  - . . . :  . - . /  . . :  . - . ! f  - - I  f - .  --E 

0 *oi f 0.00 t 0 *OS 0 *os O'bh 

. .$ ..T 

. .- .: 1 . . .  

..I .....-. . .  . I  

0 oz- 

0 
9 

P 
n 
c 
I 

Y 

L 
2 
0 
V 

E-60 



8 

I 1 1 . I 1 I 

0 ' 02  t 0'00 t 0 '09 0 '09 O'Oh 0 -02- 

E-61 



a 
m 
0 

-.I 
W > 
w 
A 

W 

3 
v) 
UJ 
W 

a. 
0 z 
7 
0 
v, 

a 

a 

a 

U 
Y 

S 
L. 

L 
n 
0 

c c 

2 

0 
0 
0 

c 
f 

VJ 
0 
L 
h 
lm 
Y 

L z 
0 
0 

yl 
n 

'02 I 0'00 1 0 -08 0 *os O'bh 0 oz- 

E-6 2 



8 

9 

u 
Y 

E 
Y 

2 

I) 

c 
I- 

m 

0 ‘02 I 0.00 t 0 -08 0 *os O * O #  0 ‘2- 

E-6 3 



A 

m 
0 
Y 

-I 
W > 
II 
-I 

W 
Qt 
3. 
v) 
v) 
W ae 
Q 

a z 
3 
0 
v, 

2 

S 

Y 

a 

0 '  

t 
(u 
n 
c 
t 

2 

jl 
0 m 
c 
L 

Q, 
c) 
L c 
0 
Y 

L z 
V 
0 

r- 
Q, 

z 
c a 

, . ,  ,.,~... ~ *.. _..,._; ..., . 1 ...I.. ).., .+. 1 - .  . . . _  " I .(,.. . , & :  : ~ . , + , . ; . ;  

0'00 I 0 '08 
i I 4 , (. , . C . . . .  t ,. * ..., .,. ,. ..... . 

'02 1 

E-64 



0 
0 

w 
Y 
n 
S 

0 ‘OZ t 0 ‘ 0 0  t 0 ‘08 0 ‘09 

E-65 

O ’ b h  0 ‘02- 

cr, 
Y 



c m 
W c 

2 

t 

Y 

a 

0 
0 

&I 
Y 

E 
m 

6 
I 

E-66 



8 

n 
m 
0 

A 
w 

Y 

e 
L: 

0'00 0 '09 

E-67 

O ' C 3  0 oz- 



w 
Y 
Y 

E 

o*ozr 0.00 I 0 *08 0 *os 

E-6 8 

0 *oz- 



n 
m 
0 

J 
W > 
W 
J 

W 

3 
tn 
tn 
W 

R 

0 z 
3 a 
in 

v 

a 

a 

0 

2 

tc: 
a 
t- 

0 3  
0 
IL 
Q 
T 
Y 

0 *oi t 0 -00 I 0 *as 

E-69 

O'bh 0 *OZd 



ORrGfNAL PAGE IS 
OF POOR QUALfTV 

0 
0 

0 *oi t o*ob  t 0 *be 0 ‘09 

E-70 



0 '08 0 '09 O'Oh 

w 
Y 
Y 

0 =ob t 

E-71 



w 
Q= 

8 

0 *oi 1 0 *ob I 0 *bo 0 '09 

E-72 



8 

cu 
u 
Y 

S 
Y 

Q, 
c) 
L 
L 
f 

L 
t 
0 
V 

Y 

0 ‘02t o*oor o *ba 0 *os 0 ‘lu- 

E-73 



ORIGINAL PAGE IS 
~ - Q u A u r v  

z 
tu n 
c c 

L 
I 
0 
U 

0 '02 1 0-001 0 -os 0 *os 



8 

a 
0 tu 

0 

5 

0 
0 ‘Ob t o *oa 0 *os 0 *oz- 

ORIQINAL PAGE IS 
OF POOR QUALrrV 



8 

a 
I 

I .  I- . . ..... .......... . .  .i . e-! I : ..... 
t 

0 '02 t O ' O O f  

E-76 



0 
0 

0'00 f 

s 
W 
Y 

S 
Y 

2 

0 
0 

c c 

c 
L 

0 
0 

z 
3 e 

0 *oi f 0 '08 0 *os 

E-77 



0 
0 

0 '02 t 0'00 t 0 '08 0 '09 O'Oh 0 ' oz- 

E-78 



LL m 
0 

-I w > 
W 
-I 

W 

3 
v, 
v, 
W 

L 
0 z 
3 
0 
(r, 

v 

a 

a 

2 

4 
pt c 

0 *air o'oo t 0 -08 0 'OS 

E-79 



0 ‘02 t o*oo f 0 *os 0 *os 0 * oz- 

E-80 



c cn w c 

z 

t 
Y 

a 

0 
0 

=r 
Lu 
Y 

t 
Y 

z 
ln e 
E c 

pc 
E 

L 
2 
0 u 

N s 

E-8 1 



n tn 
0 

-I 
W > 
W 

W 

7 
v) 
v, 
W 

Y 

a 

a 

0 
0 

0'00 t 

j .  

w 
Y 

L 
Y 

e 
I- 

z 
f- 
b, 
(3 

L 
2 
0 
W 

(D 
m 
2 

e a 

0 'OS 

E-82 

O*OS . O'bh 0 '02- 



i- 
Y 

IL 
I 
0 
V 

z 
e a 

0 *oil 0-00 t 0 '08 0 *os 

E-83 



ORIGINAL PA= IS 
POOR QUAArrV 

i 

0'02 t 0 '08 0 *os 

E-84 

0 'Oh 0 '02- 



0 cu 

0 

0’02 t o*oo I 0 .Ob 0 02- 

E-85 



s 
W 
Y 

t 
L 

F 
Y, 

6 
E 

0 ' 02  1 a-co I 0 *oa 0 -09 O'Oh o az- 

E-8 6 



8 

s 
lu 
x 
t 
Y 

c 
I 

0 ' 02  t 0 '00  t 0 -0s ' 0  *os O'Oh 0 * o r  

E-87 



L. 

m 
0 

4 
W 

Y 

0 
0 

c c 

z 
c a 

E-88 



c. 

m 
0 

J 
w > 
w 
-l 

W 

3 
v) 
v) 
w 
Q 

0 z 
7 
W 
v) 

- 

a 

a 

0 
0 

* 
U 
Y 

S 
Y 

c 

0 
N 
s, 
ae 
I 

lL z e 
V 

0 '02 t o*ob t 0 O b 0  0 *os O'Oh 0 '02- 

E-8 9 



0 
0 

I- 
Q, 
W 
b- 

L 

S 

Y 

a 

O ' C  

E-90 



- 
m 
0 

-I 
w > 
w 
A 
Lrl 

3 cn 
v, 
w 
Q 

0 
t 
7 
0 
v, 

Y 

a 

a 

3 
U 
Y 
n 
I: 

z 
n 
0 

c c 

z 
n 
0 
c1 

m 
c) 
L + 
0 
Y 

L 
I 
D 
V 

2 

c a 

0'00 1 0 '08 0 '09 O'ilh 0 '02- 



c 
Q, u 
t- 

s 
w 
x 
L 
U 

2 

Q) r- 
e c 

e 
6)  
Q 
Q 

e 
E 

2 

e a 

0 '02 t o = o o t  0 '08 0 '09 O'Oh 0 '02- 

E-92 



8 

W 
Y 

x 
Y 

e c 

t 
e a 

0'00 t 0 '08 0 '09 O'Oh 0 * o r  

E-93 



s 
W 
Y 

S 
Y 

0 
f 

0 '02  t 0 '00  t 0 ' 0 8  0 '09 

E-94 


